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Summary 
 
Dairy production in the southern Cape is mostly based on irrigated planted pastures. Pure grass 
pastures [kikuyu (Pennisetum clandestinum) and ryegrass (Lolium spp.)] are often established by 
using minimum-tillage methods. One of the most important management practices of kikuyu-
ryegrass pastures is nitrogen (N) fertilisation. The current N fertilisation guidelines often 
recommend more than 500 kg N ha-1 yr-1, which is possibly too high. The guidelines need to be re-
evaluated, since it was developed under cutting conditions using conventional-tillage, and may not 
be accurate for the minimum-tilled and grazed systems. The aim of this study was to determine an 
optimum rate of N application of kikuyu and kikuyu-ryegrass pastures, either by a fixed N 
fertilisation rate or a variable rate according to the demand of the plant in a specific season. Six N 
fertilisation treatments, one variable rate (Nvar) and five fixed rates (0, 20, 40, 60 and 80 kg N ha-1 
grazing cycle-1) were used in the current study. Treatment Nvar was based on the soil water nitrate 
concentration obtained from using wetting front detectors (WFD). The nitrate concentrations and 
total soil mineral N indicated that a major pool of N is vulnerable to potential leaching losses. In 
both kikuyu and kikuyu-ryegrass systems, applications above 40 kg N ha-1 grazing cycle-1 indicated 
a build-up of total mineral N in soil. No difference between the lower N treatments (≤ 40 kg N ha-1) 
was found in terms of total mineral N. Mineral N and urease enzyme activity were the only soil 
parameters that were affected by treatments. Urease activity of the control treatment (no N) was 
mostly higher (P≤0.05) compared to the 80 kg N ha-1 treatment. Total soil N resulted in seasonal 
differences and was considered to be related to variation in seasonal herbage production. For 
example, during periods of high pasture production total soil N in soil was low, but increased during 
periods of low pasture production. For both kikuyu and kikuyu-ryegrass pastures, the highest 
herbage production was during spring and summer, while the lowest total soil N was found during 
summer and autumn. On the kikuyu site, N treatments had an effect on the herbage production 
during all the seasons of year one, but not during year two. On the kikuyu-ryegrass site, N 
treatment affected the production during winter, spring and summer of year one, and during the 
summer of year two. As N treatments increased on both the study sites, the self-sown clover 
component decreased. Agronomic N use efficiency was similar across treatments and seasons on 
the kikuyu and kikuyu-ryegrass site, with the exception of winter in the first year in the kikuyu-
ryegrass site. This supports the notion that the soil is saturated with N. Crude protein (CP) content 
of herbage increased with an increase in N, to a point where CP was too high for milk production 
for some treatments. It is concluded that the current N guidelines needs to be revisited as they 
pose a risk to the environment and farm economics. 
  
Stellenbosch University  https://scholar.sun.ac.za
 III 
 
Opsomming 
 
Suiwelproduksie in die Suid-Kaap is meestal op aangeplante weidings onder besproeiing. Suiwer 
grasweidings [kikoejoe (Pennisetum clandestinum) en raaigrass (Lolium spp.)] word deur 
minimum-bewerkingsmetodes gevestig. Een van die belangrikste bestuurspraktyke van kikoejoe-
raaigras weidings is stikstof-(N)-bemesting. Die huidige N-bemestingsriglyne beveel dikwels N-
peile van meer as 500 kg N ha-1 jaar-1 aan, wat moontlik te veel is. Hierdie riglyne behoort weer 
ondersoek te word, aangesien dit op snyproewe en konvensionele bewerkingstelsels ontwikkel is. 
Die doel van hierdie studie was om 'n optimale N-peil vir kikoejoe- en kikoejoe-raaigrasweidings te 
bepaal, hetsy deur vaste N-bemestingspeile of 'n veranderlike peil volgens die behoefte van die 
weiding in 'n spesifieke seisoen. Ses N-bemestingsbehandelinge, een veranderlike peil (Nvar) en 
vyf vaste peile (0, 20, 40, 60 en 80 kg N ha-1 weisiklus-1) was in die huidige studie gebruik. Die 
behandeling Nvar, was op nitraatkonsentrasies van die grond gebaseer, wat deur 
benattingsfrontaanwysers bepaal is. Die nitraatkonsentrasies en die totale minerale N van die 
grond, het 'n groot poel potensiële loogbare N aangedui. In beide kikoejoe- en kikoejoe-
raaigrasstelsels het N-toedienings bo 40 kg N ha-1 weisiklus-1, 'n opbou van totale minerale N 
aangedui. Daar was geen verskille tussen die laer N-behandelings (≤ N40) nie. Minerale N en 
urease-aktiwiteit was die enigste grondparameters wat deur N-behandeling beïnvloed is. Urease-
aktiwiteit van die kontrole (geen N) was meestal hoër in vergelyking met die van 80 kg N ha-1 
weisiklus-1. Totale grond N het seisoenale verskille tot gevolg gehad en dit word vermoed dat dit 
met seisoenale weidingsproduksie verband hou. Byvoorbeeld, gedurende periodes van hoë 
weidingproduksie was totale grond N laag, terwyl dit gestyg het gedurende periodes van lae 
weidingproduksie. Op beide kikoejoe- en kikoejoe-raaigrasstelsels was die hoogste 
weidingsproduksie gedurende lente en somer, terwyl die laagste totale grond N gedurende somer 
en herfs gevind is. Op die kikoejoe-weiding het N behandelinge 'n effek op die weidingsproduksie 
gedurende al die seisoene van jaar een, maar nie gedurende die tweede jaar gehad nie. Op die 
kikoejoe-raaigrasweiding het N-behandelinge die produksie gedurende winter, lente en somer van 
jaar een, en gedurende die somer van die tweede jaar beïnvloed. Op beide weidings, namate die 
N-behandelinge toegeneem het, was daar 'n afname in die klawerbydrae. Agronomiese N-
doeltreffendheid was soortgelyk oor behandelings en seisoene op die kikoejoe- en kikoejoe-
raaigrasweidings, met die uitsondering van winter in die eerste jaar op die kikoejoe-
raaigrasweidings. Hierdie versterk die stelling dat die grond N versadig is. Die inhoud van ru-
proteïen (CP) van albei weidings het toegeneem met 'n toename in N-behandeling tot ‘n punt waar 
CP te hoog geraak het vir melkproduksie in sommige behandelings. Die gevolgtrekking word 
daarom gemaak dat die huidige N riglyne heroorweeg moet word aangesien dit waarskynlik tot 
omgewings- en finansiële verliese sal lei.  
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Chapter 1  Introduction 
1.1 Background 
Kikuyu (Pennisetum clandestinum), a C4-grass, forms the base of pastures (Marais 2001; Garcia et 
al. 2014) in various areas in the world, including Australia (Fulkerson et al. 1999; Bhanugopan et 
al. 2010), New Zealand (Crush and Rowarth 2007) and the Americas (Williams and Baruch 2000). 
Kikuyu is also used as a pasture base for grazing dairy cows in the southern Cape region of South 
Africa (Botha et al. 2008a). The production systems and climate in the southern Cape area favour 
the growth of kikuyu. Irrigation infrastructure is usually available if rainfall is insufficient (Botha 
2009), the area has a temperate climate (Marais 2001; Swanepoel et al. 2014a) and pastures are 
most often fertilised with inorganic nitrogen (N) (Garcia et al. 2014). The interaction of these factors 
from year to year results in variation in the production potential. Within the same experimental site, 
kikuyu production has been recorded from as low 14 t dry matter (DM) ha-1 yr-1 (Botha et al. 2008a) 
to as high as 21 t DM ha-1 yr-1 (Swanepoel et al. 2014b). 
Kikuyu offers a resilient pasture base due to its growth form which is comprised of above ground 
stolons and below ground rhizomes, thus withstanding damage from trampling from grazing 
animals (Garcia et al. 2014). For this reason, past research failed to provide a cost-effective way to 
eradicate kikuyu, and therefore later focussed instead on ways to incorporate kikuyu into systems 
as a pasture base (Botha 2009). Eradication of kikuyu was historically considered as it has 
undesired characteristics which include, among others, dormancy in winter and spring, resulting in 
a deficit in the fodder flow program during these months (Lowe et al. 2011). Furthermore, kikuyu, 
are usually not of adequate quality for high producing dairy cows (Marais 2001; Fulkerson 2007; 
Fulkerson and Lowe 2011). Kikuyu’s low quality and mineral imbalances (Reeves et al. 1996; 
Marais 2001) could be overcome by supplementing dairy cows with high energy concentrates such 
as cereal grains (Fulkerson 2007). This is confirmed by Meeske et al. (2006), who found that 
feeding low or medium levels of concentrates (consisting of amongst others whole cottonseed, 
rolled maize and rolled wheat), increased the fat-corrected milk production compared to those 
receiving no concentrates. The cows in the study grazed pasture which consisted of 15% kikuyu. 
However, strategic incorporation of other grasses into kikuyu has been found to be an economical 
forage-based way to improve the pasture productivity, in addition to supplementing cows with 
concentrates (Botha et al. 2008a; Sinclair and Beale 2010; van der Colf 2011). The aggressive and 
dominant growth capacity of kikuyu limits the persistence of some species sown into the kikuyu-
base, particularly clovers and other legumes (Sinclair and Beale 2010; Garcia et al. 2014). 
However, ryegrass (Lolium spp.), a genus of cool-season grasses, is often sown into kikuyu to 
compliment the dormant kikuyu pastures during winter and spring in terms of herbage production 
(Bell et al. 2011; Garcia et al. 2014) and overall pasture quality (Reeves et al. 1996).  
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Common practice is to graze the kikuyu base down to 50 mm above ground level, after which it will 
be mulched to ground level and planted with ryegrass using minimum-tillage seed-drills. A land 
roller is then used to roll the seedbed, followed by irrigation. This method is explained in detail by 
Botha (2009) and van der Colf (2011) and confirmed to be a good option, compared with chemical 
or cultivation methods, to avoid production losses (Swanepoel et al. 2014b). Such kikuyu-ryegrass 
systems can maintain herbage production rates between 20.8 and 23.9 t DM ha-1 yr-1  as found in 
Australia (Fariña et al. 2011). Locally, in the southern Cape of South Africa, previous studies found 
herbage production to be in the range of 13.5 to 20.3 t DM ha-1 yr-1 (Botha et al. 2008; Swanepoel 
et al. 2014b; van der Colf 2015) 
Nitrogen fertilisation guidelines for kikuyu-ryegrass pastures recommend application rates between 
300 and 500 kg N ha-1 yr-1 (Marais 2001). When kikuyu is heavily fertilised with N, it can result in 
crude protein (CP) contents that exceed the requirement of the dairy cow (Marais 2001; 
Fessehazion et al. 2011). The CP requirement for lactating dairy cow is on average 16% (Clark et 
al. 2001; NRC 2001), but can also be between 17% and 19% (Radostits et al. 2006).  
In the Eastern Cape of South Africa, non-protein N (mostly in the form of nitrate) varied 
considerably in kikuyu and was found to be between 0.43 and 14.33% (Miles et al. 2000). 
Management of kikuyu pastures should include strategies aimed at preventing the accumulation of 
large amounts of stem material since nitrate tends to accumulate in the stem material (Marais 
2001). Nitrate levels that could be toxic to animals, may exist when large amounts of N fertiliser is 
applied (Adams et al. 1992; Ju et al. 2004) due to kikuyu’s tendency to accumulate non-protein, 
nitrogenous compounds (Marais 2001). In general, animal nitrate poisoning may be prevented by 
taking caution when and where grazing of pasture takes place. Bolan and Kemp (2003) reviewed 
factors causing nitrate accumulation in pasture which included growth stage (early growth or 
mature leaves and stems), drought, limited sunlight and plant stress factors (e.g. herbicide or 
disease damage). These factors hinder the plant’s ability to transform nitrate to ammonium to 
organic compounds (proteins). The digestion of non-structural carbohydrates may be reduced 
when nitrate levels above 5 g kg-1 are present in the plant (Marais et al. 1990) and it is therefore 
recommended that less than 0.6% nitrate is ingested in the diet (Radostits et al. 2006).  
Grazing management of these kikuyu-ryegrass systems is well-researched and is used in practice 
(Fariña et al. 2011). The grazing goals for temperate grass pastures are to maximise yield, while in 
tropical pastures the main aim is to improve forage quality (Fulkerson and Lowe 2011). To 
determine when grazing should commence, leaf stage could be used. An optimal nutritive value is 
achieved at a 4.5 leaf stage for kikuyu (Reeves et al. 1996; Marais 2001). Grazing of ryegrass 
should commence at the three-leaf stage to prevent wastage of herbage and a reduction of forage 
quality  (Reeves et al. 1996; Fulkerson and Donaghy 2001). This, however, is not the only way of 
determining the grazing interval for pasture. Other methods include set days (Fulkerson and Lowe 
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2011), pasture height measured with pasture ruler (Sanderson et al. 2001) and DM-on-offer using 
a rising plate meter (Thomson et al. 2001). 
If it is possible to supply a sufficient amount of good quality pasture, less concentrate is needed. It 
was shown that the highest margin over feed cost was obtained when low amounts of dairy 
concentrate were fed (3 kg cow-1 day-1) to Jersey cows, also allowing 20 kg of pasture cow-1 day-1 
(Meeske et al. 2006).  
For any farming operation to be successful, it needs to be profitable. The aim of a dairy farm is to 
produce milk at a profit and thus produce it at the lowest cost or greatest efficiency. As N 
fertilisation is one of the highest input costs, it needs to be optimised (Aarts 2000).  
1.2 Problem statement 
Nitrogen, in the form of nitrate, is soluble in water and therefore the roots are able to use it through 
water uptake via the plant’s roots (Good et al. 2004). When the plant is not actively growing (i.e. 
dormant) and too much N is applied, excess N easily leaches into the groundwater (Varvel et al. 
1997; Errebhi et al. 1998; Di and Cameron 2002). Irrigated pasture systems used for dairy 
production are seen as one of the agricultural systems with the largest amounts of N fertiliser 
inputs (Baligar et al. 2001; Masclaux-Daubresse et al. 2010; Fessehazion et al. 2011). In order to 
maximise pasture yield, kikuyu-ryegrass pastures are usually fertilised with high rates of N, and are 
therefore more vulnerable to N losses. Aside from the detrimental effects leached N that may have 
on the environment, such as eutrophication (Nixon 1995; Conley et al. 2009), N is an expensive 
input. When N is lost to the environment, it is a major financial loss to farmers. Even though 
denitrification and volatilisation are also pathways through which N could be lost, these comprise a 
smaller portion compared to losses attributed to leaching (Ledgard et al. 1999). 
Nitrogen guidelines in the southern Cape should be revisited in order to prevent losses, especially 
through leaching. The current kikuyu-ryegrass pasture fertilisation guidelines are based on 
cultivated pastures. Since minimum-tillage systems are currently used more often than 
conventional tillage systems (Swanepoel et al. 2015) these guidelines may no longer be 
applicable. The conversion from conventional tillage to minimum- or zero-tillage systems generally 
result in a decreased risk of soil erosion (Swanepoel et al. 2013), less N leaching (Di and Cameron 
2002), better water holding capacity, higher soil organic carbon (C) (López-Garrido et al. 2011) and 
increased potential mineralisable N (PMN) (Balesdent et al. 2000; Swanepoel et al. 2014c). 
Furthermore, the current N guidelines were also developed based on data obtained from cutting 
trials (Beyers 1994), and as a result, does not take into account the animal input through excreta. 
Bransby (1990) suggested that the reaction of pasture to N fertilisation might not be comparable 
between pasture grazed by animals and pastures being mowed (cutting trials), because the 
recycling of nutrients is different. This is demonstrated by the vast amount of N leaching studies of 
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urine patches (Thompson and Fillery 1998; Di and Cameron 2000; Cameron and Di 2004; 
Christensen et al. 2010; Roten et al. 2017) where it is estimated that the localised application rate 
on urine patches may reach up to 1000 kg N ha-1 (Haynes and Williams 1993). Mineral N losses 
increased by 14% when N fertiliser as urea was applied over urine patches (Silva et al. 1999). 
The challenge is to optimise farming efficiency by reducing N losses and thereby indirectly 
reducing input costs to increase profitability while being environmentally sustainable. Various 
authors have suggested incorporating legumes, like clover (Trifolium spp.), into the pasture to 
reduce N fertiliser input. However, this runs the risk of reducing the pasture production compared 
to pure grass stands (Peoples and Baldock 2001; Andrews et al. 2007; Ledgard et al. 2009). 
Drawbacks of clover inclusion in a system include the sub-optimal establishment (Brock and Kane 
2003; Schlueter and Tracy 2011) and persistence-problems (Caradus and Woodfield 1995) 
resulting in lower herbage production and, in turn, lower stocking rates. 
The higher production and stocking rates of pure grass pastures are, however, often accompanied 
by high rates (>500 kg N ha-1 yr-1) of N fertilisation and therefore an optimal N application rate 
should be determined to prevent financial and environmental losses. In determining the optimal N 
application rate of grazed dairy pastures, pasture and soil characteristics, as well as input from 
grazing animals, should be considered. Nitrogen fertilisation of kikuyu over-sown with temperate 
pasture species, should be managed in such a way that all the pasture components remain highly 
productive, without being compromised by excessive amounts of N fertiliser that may reduce the 
quality (Fessehazion et al. 2011). One strategy that has been recommended is strategic N 
applications based on applying various rates of N during different seasons according to pasture 
growth, soil supply of N and needs of the plant. Also, applying N in amounts where N use efficiency 
is high may reduce losses (Eckard and Franks 1998). There is abundant research on N fertilisation 
of clover and ryegrass pastures (Harris et al. 1996; Lowe et al. 2005; Labuschagne et al. 2006; 
Bolland and Guthridge 2007; Eckard et al. 2007; Gilliland et al. 2010; Pembleton et al. 2013), but 
research on strategic application of N on kikuyu-ryegrass systems is limited. On Cedara in 
KwaZulu Natal, Fessehazion et al. (2011) is one of the few studies which concluded that adaptive 
management on kikuyu-ryegrass pasture systems did not affect the herbage yield. Wetting front 
detectors (WFD) was used as a management practice to reduce the N input and thereby lowering 
the potential of N leaching. Research that focus on determining optimum N fertilisation rates for 
kikuyu-based pastures over-sown by ryegrass using minimum-tillage practices in the southern 
Cape, is currently lacking. 
1.3 Aim  
To determine an optimum rate of N application of kikuyu and kikuyu-ryegrass pastures either by a 
fixed N fertilisation rate or a variable rate according to the demand of the plant in a specific season. 
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1.4 Objectives 
1. The objective was to investigate the effects of fertilisation on soil N dynamics, which will aid 
in optimising N fertilisation of kikuyu and kikuyu-ryegrass pastures. In order to achieve the 
aim of the study, the effects of different N rates on various soil characteristics such as 
PMN, C:N ratio, urease activity (UA) and total soil N are determined in order to better 
understand the N dynamics in the soil as influenced by grazing, N fertiliser input and 
season. 
2. The objective was to reassess N fertiliser guidelines of kikuyu and kikuyu-ryegrass pastures 
in the southern Cape under a minimum-tillage regime and grazing, aimed at optimising the 
quality of pasture, measured by CP, while still maintaining yield. Developing a strategic N 
fertiliser programme may aid in preventing environmental and financial losses since 
agronomic N use efficiency (ANUE) is taken into account. 
1.5 Hypotheses 
1. Adjusting the N fertilisation rates according to soil N characteristics will result in a better 
understanding of N dynamics in the soil and the development of strategies to prevent 
losses. 
2. Lowering the current N guidelines will result in a reduction in financial and environmental N 
losses by increasing the ANUE of pasture and increase pasture quality as measured by 
CP. 
1.6 Outline of the thesis 
This thesis is presented in article-based format with Chapters 3 and 4. It is prepared according to 
the guidelines of the African Journal of Range and Forage Science. This introduction serves the 
purpose of tying Chapters 3 and 4 into a cohesive piece of work that explains the overall problem 
and scientific contribution. Subsequent to this introductory chapter (Chapter 1), a literature review 
(Chapter 2) was conducted in order to present an overview of the N cycle and the processes taking 
place in the soil. Furthermore, a broad overview of both pasture species used in the current study, 
kikuyu and ryegrass, is presented in Chapter 2, with emphasis on how N fertilisation affect these 
species. 
Chapter 3 reports the effects that N fertilisation had on chemical and biological soil characteristics. 
These characteristics included total mineral N, PMN, soil water nitrate concentration, total soil N, 
soil carbon, and urease activity. 
Chapter 4 is set out to determine the effects of N fertilisation on herbage production, botanical 
composition, agronomic N use efficiency and the quality of the pasture (by using CP).  
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Chapter 5 presents the conclusions, limitations of the study and recommendations for future 
research.  
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Chapter 2  Literature review 
2.1 The pedospheric nitrogen cycle 
The outer layer of the earth, which includes the soil and processes involving soil, is known as the 
pedosphere. It is the area where the lithosphere, hydrosphere, atmosphere and biosphere interact 
(Lal 2012) as is summarised in Figure 2.1.   
 
 
Figure 2.1: Interaction between Soil and the Environment (Lal 2012). 
The focus of this review will be on nitrogen (N) and the N cycle. The N cycle takes place in all the 
above mentioned spheres and is comprised of reactions between both biotic and abiotic 
components, as illustrated in Figure 2.2 and confirmed by Schipper et al. (1996). 
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Figure 2.2: Nutrient cycles consist of a series of interrelated processes occurring within and between the 
atmosphere, hydrosphere, biosphere, and geosphere. Each nutrient is linked through a set of specific 
interconnected steps that ultimately lead to a series of cyclic pathways (Dahlgren 1998). 
From Figure 2.1 and Figure 2.2, the complexity of the N cycle is evident. An overview of the main 
N reactions regarding agriculture and more specifically pasture-based dairy systems, in the 
pedosphere and biosphere and the interactions will be the focus of this discussion. 
Nitrogen addition to the soil can occur in various ways. Either abiotic, in the form of wet or dry 
deposition, or by means of biotic N fixation. Lightning is a form of abiotic N fixation (Galloway 1998; 
Gage 2004; Good et al. 2004; Gruber and Galloway 2008) by which dinitrogen gas is fixed in the 
presence of oxygen to form N oxides (Hill et al. 1980; Öpik and Rolfe 2005). Tie et al. (2002) 
reported that from simulations, the suggested global N oxides production by lightning are 7 Tg N yr-
1. The N oxides may then react with water to form nitric acid and end up in the soil as nitrates 
(Postgate 1974) through the process of wet deposition. Precipitation is an example of wet 
deposition (Ortega et al. 2016). In China, it was estimated that total wet and dry deposition on two 
agricultural sites varied between 70.7 and 75.5 kg N ha-1 yr-1 (Pan et al. 2012). Pan et al. (2012) 
also determined that wet deposition comprised between 29.3 and 35.1% of the total N deposition. 
Dry deposition refers to dry particles that are covered with N, such as dust and gasses that is 
deposited onto the soil (Jarvis et al. 1996; Cassman et al. 2002; Almasri and Kaluarachchi 2004; 
Clark and Kremer 2005; Pan et al. 2012). According to the authors, the estimation of dry deposition 
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is challenging as wind and soil cover, for example, will have an effect on the accuracy of 
measurements.  Dry deposition, on a dairy farm, estimated by simulations was in the range of 5.6 – 
14.6 kg N ha-1 yr-1 (Almasri and Kaluarachchi 2004). 
An example of biotic N fixation is the process during which diazotrophs (Piceno and Lovell 2000) 
fix atmospheric dinitrogen to ammonia (Zahran 1999). An example of a diazotroph organism is the 
Rhizobium genus bacteria that is associated with nodules on the roots of legumes (Sprent and 
James 2007). The process whereby N is acquired is known as biological N fixation (Jarvis et al. 
1996; Di and Cameron 2002; Gage 2004; Rennenberg et al. 2009). In a review article by Ledgard 
and Steele (1992), it was reported that various authors found biological N fixation rates of between 
55 to 342 kg N ha-1 yr-1 in legume-grass pastures under grazing. Nitrogen additions to the soil can 
also be from animals in the form of excreta (Hatch et al. 2000; Shepherd and Chambers 2007) and 
from plants in the form of decomposing material, such as roots, shoots and leaf litter (Haynes and 
Williams 1993; Hatch et al. 2000; Jones et al. 2005; Rennenberg and Dannenmann 2015). 
Nitrogen additions from excreta  were in the range of 41 to 63 kg N ha-1 yr-1 when no N fertilisers 
were applied, and increased to ranges of between 72 to 91 kg N ha-1 yr-1 under 410 kg N ha-1 yr-1 
fertilisation (Ledgard et al. 1999, Ledgard et al. 2009). The aforementioned additions of N to the 
soil all contribute to the soil organic N pool. Humans also contribute to the organic N pool through 
sewage while inorganic fertiliser applications contribute to the inorganic soil N pool (Eckard et al. 
2007). The manufacturing of inorganic N fertiliser, or industrial N fixation, where atmospheric 
dinitrogen is converted to ammonia with hydrogen, is produced by the Haber-Bosch process 
(Bohlool et al. 1992; Postgate 1998; van Breemen 2002; Gruber and Galloway 2008; Ahmad et al. 
2013). It is the inorganic N pool that is plant available and consists mainly of ammonium and nitrate 
ions (Öpik and Rolfe 2005).  
The N cycle is maintained by a flux between reactions in the soil and atmosphere. In the soil, such 
reactions are amongst others mineralisation, which releases N from organic compounds rendering 
it available for plant use, and immobilisation, whereby N is bound into organic forms (Brady and 
Weil 2002).  
2.1.1 Mineralisation and immobilisation 
Mineralisation and immobilisation is processes in the soil which occur simultaneously and is thus 
discussed together. Mineralisation is the process during which micro-organisms release N in the 
form of ammonium ions from organic compounds (Brady and Weil 2002). During this process, the 
enzymes urease and amidase are important (Das and Varma 2011), since they catalyse the 
hydrolysis of urea (Roscoe et al. 2000; Cartes et al. 2009) and amides (Frankenberger 1980, 
Frankenberger and Tabatabai 1982) respectively, to form amongst others ammonium. 
Immobilisation is the conversion of mineral N, such as nitrate and ammonium, into organic forms 
(Brady and Weil 2002).  
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The process whereby ammonium ions are released from organic compounds via mineralisation is 
known as ammonification. The ammonium ions can undergo nitrification, which refers to the 
reduced N compound being oxidised to nitrites and then to nitrates through action of nitrifying 
bacteria (Nitrosomonas and Nitrobacter) (Almasri and Kaluarachchi 2004). Mineralisation is 
therefore the combined result of ammonification and nitrification. An overview of the importance of 
both organic and inorganic N to plant nutrition will be presented in section 2.2.1 . Mineralisation 
and immobilisation processes are dependent on the Carbon (C):N ratio of the soil, and C:N rate of 
plant residues (Batjes 1996; Cabrera et al. 2005), soil temperature, moisture in the soil, aeration, 
pH and biological activity (Bolan et al. 2004).  
Usually, cultivated soil in the grassland biome had a lower C:N ratio compared with virgin soil due 
to loss of C (Mills and Fey 2004; Swanepoel et al. 2014a). The author also reported that the higher 
C:N ratio in virgin soils indicate a low grazing capacity (Swanepoel et al. 2014a). The author 
reported C:N values the southern Cape of South Africa to be between 11.1 – 12.1 for 0 – 100, 100 
– 200 and 200 – 300 mm soil depth under cultivated dairy pastures (Swanepoel et al. 2014a). 
Pasture in the USA have been reported to have a C:N ratio of 21 (Franzluebbers et al. 2000). For 
optimal soil quality of pasture a C:N ratio of 8 to 12 is optimal (Sparling et al. 2008). Tainton (2000) 
also confirmed that well managed pasture soil has a C:N ratio of 10. The soil C:N ratio decrease 
with increasing fertiliser N (Graham et al. 2002; Parfitt et al. 2012) resulting in mineralisation 
(Zhang et al. 2012; Hanan et al. 2016). 
High C:N ratios of plant residues indicate that the requirements of micro-organisms are met, while 
low C:N ratios of plant residues indicate that the micro-organisms will require additional N (Hadas 
et al. 2004; Silva et al. 2005, Robertson and Groffman 2015). Materials with low C:N ratios will 
therefore result in mineralisation, while materials with high C:N ratios would require additional 
mineral N to be incorporated into microbial biomass, termed immobilisation (Robertson and 
Groffman 2015). A higher N content in microbial biomass is correlated with higher mineralisation 
rates (D’Haene et al. 2008). C4 grasses had a lower nutritional quality and an increased C:N ratio 
compared to C3 grasses (Soussana and Lüscher 2006) resulting in immobilisation. Legumes has a 
lower C:N ratio than grasses (Andrews et al. 2007) and instigate mineralisation. Dung, however, 
increase immobilisation rates in fertilised soils because it is a source of available C (Hatch et al. 
2000). A C deficiency is generally observed when the dissolved organic matter C:N ratios are 
between 4.9 – 12.7 (Huygens et al. 2016). Immobilisation of ammonium takes place first until it is 
exhausted, after which nitrate will be immobilised (Recous and Mary 1990). This is in contrast with 
results obtained by Burger and Jackson (2003) who found that in some agricultural soils (organic- 
tomato/maize/legume cover crop and conventional- tomato/wheat), microbial nitrate immobilisation 
was more than ammonium immobilisation.  
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Mineralisation by means of ammonification has been found to increase with an increase in 
temperature. Thangarajan et al. (2015) reported that mineralisation rates were higher at 37°C than 
at 24°C and 18°C. Furthermore, soil temperatures between 4°C and 10°C  have been found to not 
allow for adequate mineralisation to fulfil the requirement of the pasture plants (Sun et al. 2008; 
Pembleton et al. 2013). At a temperature of 25°C, the main limitation is the microbial ability to 
diffuse substrate to metabolically active cells (Zak et al. 1999; Wang et al. 2006), therefore matrix 
potential is important. Some authors concluded that temperature only had an indirect effect on 
mineralisation through affecting the microbial activity (Cookson et al. 2006; Qiu et al. 2018). 
Nitrification rate as affected by temperature has been found to be more complex and was 
dependent on both the pH of the soil and the various N sources available (Thangarajan et al. 
2015). In various studies, nitrification was increased as the pH rose from 4 to 8, but declined below 
4 and above 8 (Ste-Marie and Paré 1999; Kyveryga et al. 2004; Thangarajan et al. 2015; Hanan et 
al. 2016).  
According to Zak et al. (1999), mineralisation rates decreased the most as matrix potentials 
decreased of -0.01 to -0.30 MPa at 25°C, and this decrease in mineralisation rates was smaller as 
the temperature decreased. A flush in the levels of ammonium and a decrease in nitrate levels is 
seen when flooding conditions are observed in laboratory experiments (Alaoui-Sossé et al. 2005). 
In well drained soils, where water filled the pore space of soil up to 60% (Brady and Weil 2002) or 
water content exceeded field capacity (Scowcroft et al. 2004), nitrification rates are the highest. At 
12 h and 120 h after rewetting the soil, microbes assimilated more nitrate compared to ammonium 
on both conventional and organic managed soils (Burger and Jackson 2003).  However, this effect 
is restricted in soils with a high clay content as it protect compounds from microbial attack (Brady 
and Weil 2002). On kikuyu pastures, high rates of fertiliser N, and warm and moist conditions led to 
an increase in mineralisation (Marais et al. 1987).  
Tillage has been found to cause a flush of mineralisation (Jarvis et al. 1996; Matlou and Haynes 
2006; Fulkerson et al. 2011). This is due to the N that is generally protected in the soil organic N 
pool becoming available for microbial breakdown (Kristensen et al. 2003) since organisms 
responsible for nitrification need oxygen to produce nitrite and nitrate (Heldt and Piechulla 2005). 
However, no or minimum-tillage provides a better environment for microorganisms as was evident 
in a study by Balota et al. (2004) where no tillage resulted in a significantly higher microbial 
biomass carbon compared to conventional tillage. Balota et al. (2004) suggested that residues on 
the surface of a no tillage system could be used as substrate by microbes, while also providing 
lower soil temperatures and improved water holding capacity among others.  
When ammonium  and nitrate are not used by the plants it is either immobilised or lost to the 
environment as volatilisation, denitrification and leaching (Cassman et al. 2002). Management 
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should thus focus on how to optimise mineralisation and how to ensure that mineralised N can be 
most efficiently utilised within a production system. 
2.1.2 Volatilisation  
During volatilisation, ammonium is converted to ammonia and gaseous losses occur. Volatilisation 
often occurs after fertiliser application (McKenzie and Tainton 1993) and from cow urine 
(Thompson and Fillery 1998) and dung. Ledgard et al. (1999) found that losses through 
volatilisation from animal excreta were low, around 3-8% on pasture, while losses increased 
between two and five times as the N fertiliser inputs increased from 0 to 400 kg N ha-1 yr-1. Losses 
through volatilisation due to fertiliser application are also confirmed by other authors (Yerokun 
1997; Tian et al. 2000). McKenzie and Tainton (1993) concluded that fertiliser should be applied 
during cool periods of the day (Black et al. 1985) and when low wind is present to minimise losses 
through volatilisation (Fessehazion et al. 2012). Volatilisation potentially increases when sward 
height is 30 mm compared to 100 mm (McKenzie and Tainton 1994), an indirect result of elevated 
CO2 (at elevated CO2, a higher portion of N are allocated to urine N, resulting in higher 
volatilization losses) (Allard et al. 2003) and with broadcasting compared to incorporating fertilser 
into the soil (Yerokun 1997). Different studies have different views on wether an increase in soil 
mositure content decrease (Yerokun 1997) or increase volatilisation rates (McGarry et al. 1987). 
An increase in pH results in ammonia loss (Black et al. 1985). 
2.1.3 Denitrification 
Within grazing systems, an undesirable loss of N to the atmosphere often occurs when denitrifying 
bacteria convert nitrate back into gaseous nitrous oxide and dinitrogen (Ledgard et al. 1999, 
Almasri and Kaluarachchi 2004). Denitrifying organisms are anaerobic, utilising C as an electron 
donor and nitrate as the electron acceptor when oxygen is not available (Jarvis et al. 1996; 
Robertson and Groffman 2015). The optimum temperature for these reactions is 25 to 35°C , but 
can still take place between 2 and 50°C  (Brady and Weil 2002). Denitrification losses were 
recorded to be between 3 and 7 kg N ha-1 yr-1 in clover – perennial ryegrass pastures receiving no 
N (Ruz-Jerez et al. 1994; Ledgard et al. 1999; Luo et al. 2000; Eckard et al. 2007). This 
denitrification losses increased up to 10 times when the pasture were fertilised with 200 to 400 kg 
N ha-1 yr-1 (Ledgard et al. 1999; Eckard et al. 2007). In an article by Luo et al. (1999) that studied 
the regulation of denitrification in a pasture soil, confirmed that nitrate was the main determinant for 
denitrification. Denitrification was also influenced was by soil water content that allowed the 
mobility of the nitrate ions (Luo et al. 1999). Luo et al. (2000) confirmed that soil moisture content 
was the main limiting factor during dry warm seasons to affect the denitrification rates. 
Waterlogged soil is prone to denitrification and low rates of mineralisation (Shepherd and 
Chambers 2007; Fulkerson et al. 2011). 
Stellenbosch University  https://scholar.sun.ac.za
 19 
 
2.1.4 Leaching  
Nitrogen in the form of nitrate has a high mobility in the soil since it consists of negatively charged 
ions and cannot be adsorbed to colloids that are also negatively charged. This in turn, causes 
nitrate to leach easily into the ground water (Brady and Weil 2002; Almasri and Kaluarachchi 
2004). Concentrations of nitrate were high in soils that were managed as productive grasslands 
(Bardgett et al. 2003). Nitrate pools have been affected by topography, with more nitrates being 
leached from slopes compared to drainage bottoms (Scowcroft et al. 2004). A major source of 
nitrate leaching is cow urine (Christensen et al. 2010; Vogeler et al. 2016) and animal waste 
application from intensive grazing (Almasri and Kaluarachchi 2004). The application of N has an 
increased effect on leaching. Leaching losses from a clover ryegrass pasture that resulted from 0 
kg N were varied between 20 and 74 kg N ha-1 yr-1. These losses increased to between 100 and 
204 kg N ha-1 yr-1 when the N application rate increased to 400 kg N ha-1 yr-1 (Ledgard et al. 1999).  
2.2 Nitrogen and growth characteristics of kikuyu and ryegrass species 
2.2.1 The role of nitrogen in plant metabolism 
Nitrogen is among the primary macronutrients required in relatively large quantities by plants as it 
is essential for growth and development processes (Öpik and Rolfe 2005). Proteins, such as 
enzymes, coenzymes and hormones, are chains of combined amino acids that have a C skeleton 
and amide functional groups originating from ammonia (Brady and Weil 2002, Hofman and Van 
Cleemput 2004). Nitrogen is also involved in the cell nuclei and carbohydrate utilisation. 
Ammonium and nitrate are the primary forms in which N are used by plant. Ammonium as a sole N 
source in plant cells can become toxic to ammonium sensitive species (Britto and Kronzucker 
2002). In a review article by Britto and Kronzucker (2002), ammonium sensitive domesticated plant 
species were listed and included amongst others barley. White clover (Trifolium repens) and 
perennial ryegrass (Lolium perenne) were among the ammonium tolerant species (Belastegui-
Macadam et al. 2007). To prevent toxicity, the plant needs to incorporate it into organic compounds 
through the glutamine synthetase/glutamate synthetase system (Guo et al. 2007). Ammonium may 
be converted into the amide group of glutamine (Forde and Lea 2007), a plant amino acid that is a 
product for synthesis of various other amino acids and a principle form of N storage (Masclaux-
Daubresse et al. 2010). The soil organic N pool is not as readily available for plants to assimilate 
into tissues compared to mineral forms (Cassman et al. 2002), however it has been shown that 
some grass species can use forms of organic N, especially those commonly found on low fertility 
soil like Agrostis capillaris (Weigelt et al. 2003). The two other species that was evaluated was 
Holcus lanatus and Lolium perenne. A review by Jones et al. (2005) reported that a large amount 
of dissolved organic N are available to plants, but that evidence of uptake is still lacking.  
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Nitrogen fertiliser application must be accompanied by adequate moisture to firstly dissolve the N 
into useable components such as ammonium and nitrate. The moisture is also needed to facilitate 
the movement of the nutrients to the root zone for uptake. If the topsoil is dry, the growth of the 
grass plant may be limited due to restricted nutrient movement (Miles 1997). Effectiveness of 
production in agricultural systems is dependent on the rate of N turnover, which is determined by 
the availability soil moisture and competition for inorganic N (Postgate 1974; Høgh-Jensen and 
Schjoerring 1997; Gruber and Galloway 2008).   
2.2.2 Kikuyu 
2.2.2.1 Overview and management  
Kikuyu, a C4 subtropical grass (Neal et al. 2007) is a pasture species which is well-adapted to the 
southern Cape region of South Africa where milk production is a dominant enterprise (Botha 2009). 
This perennial grass is likely to form a dense mat of fibrous material under mowing or grazing 
(Mears 1970). Kikuyu has vigorous growing abilities and can be propagated through both seed, 
below ground rhizomes or above ground stolons (Marais 2001; Botha 2009). Kikuyu has the ability 
to be deep rooted, which allows it to be drought tolerant (Marais 2001) and also aid in preventing 
erosion (Radhakrishnan et al. 2006). Kikuyu shows resilience under poor management (Miles et al. 
2000), and tends to be unaffected by competition from weeds (Pearson et al. 1985). Kikuyu has 
the ability to increase soil organic matter as was evident in a study by Swanepoel et al. (2014a; 
2015), where soil under long term kikuyu pasture had a higher organic matter status compared to 
virgin soil. The reasons for this higher organic matter status is minimum-tillage, organic matter 
cycling by grazing animals and also the abundance of root material and herbage production under 
such a pasture system (Matlou and Haynes 2006).  
Grazing goals of C4 tropical grasses should aim to optimise quality of the pasture (Fulkerson and 
Lowe 2011). The grazing of kikuyu should commence at the 4.5 leaves per tiller stage (Reeves et 
al. 1996) with intervals that may range from 12 days in midsummer to 35 days in late autumn 
(Fulkerson et al. 1998). During late autumn and winter, defoliation or grazing management may 
also be determined by over-sown species in the pasture and to prevent competition by kikuyu 
(Fulkerson et al. 1999).  
It is reported that kikuyu requires N fertiliser to significantly increase herbage production with 
application rates up to 500 kg N ha-1 yr-1 (Miles 1997). Therefore grazing should also take into 
account the time of fertiliser application to prevent nitrate poisoning in grazing animals since nitrate 
concentration is high after fertilising (Bolan and Kemp 2003).  
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2.2.2.2 Growth requirements 
2.2.2.2.1 Temperature requirements 
Various temperatures have been outlined as the minimum and maximum growth temperatures for 
kikuyu, including a range of 24 to 32°C by Murtagh (1988a), while Marais (2001) reported in a 
review article an optimum growing temperature of between 16 and 21°C. Marais (2001) also 
reported that growth will be restricted at minimum temperatures of below 8°C . Kikuyu becomes 
increasingly dormant as the temperature decrease (Pearson et al. 1985). At low night and high day 
temperature, the growth rate of kikuyu increase resulting in a decrease in quality due to a lowered 
digestibility (Marais 2001).  
2.2.2.2.2 Water requirement 
Kikuyu’s productivity declines when water is limiting (Murtagh 1988a; Marais 2001; Bell et al. 
2011). Rainfall of more than 650 mm is required during the growing season (Cross 1979; Marais 
2001). Murtagh (1988b) reported that frequent irrigation will give the best growth response during 
periods of high evaporation demands (5 mm day-1), while low evaporative demands (2 mm day-1) 
does not have such a considerable effect on the growth rate. The reason is suggested to be that 
50% of the available water in the upper horizon can be removed before growth is affected (Murtagh 
1988b). Kikuyu is relatively drought tolerant (Marais 2001). Various authors in the southern Cape 
have reported using tensiometer readings of between -10 and -25 kPa to schedule irrigation when 
studying kikuyu-based pasture (Botha et al. 2008a; van der Colf et al. 2015a)  
2.2.2.2.3 Soil nutrient requirement 
Kikuyu requires fertile soil (Goold 1979; Marais 2001) but can survive under moderately high soil 
salinity (150 mM NaCl) conditions (Radhakrishnan et al. 2006). A pH(CaCl2) of between 4.8 and 
6.19 did not affect yield, but kikuyu was negatively affected by pH values lower than 4.36 (Awad et 
al. 1976).  
Many authors have reported on the responsiveness of kikuyu to N fertiliser (Pearson et al. 1985; 
Miles 1997, Labuschagne and Zulu 2009, Garcia et al. 2014). As a guideline, 300 to 500 kg N ha-1 
during the growing season should be applied in split dressings (Marais 2001). In Australia, N has 
been applied commercially at rates up to 300 kg N ha-1 yr-1 and experimentally up to 1000 kg N ha-1 
yr-1 (Awad et al. 1976). In the southern Cape area in South Africa, N fertiliser applications are in 
the range of 200 to 600 kg ha-1 yr-1 (Miles et al. 2000). Also in the southern Cape, rates of between 
54 and 60 kg N ha-1 grazing cycle-1 (10 application) were applied to kikuyu-ryegrass sites (Botha et 
al. 2008b, Labuschagne and Zulu 2009).  
Various methods for the distribution of N applications throughout the year are reported in the 
literature. For example, Marais (1990) applied a total of 250 kg N ha-1 yr-1 during the growing 
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season in three equally split dressings in October, December and February. In another study, two 
applications of 120 kg N ha-1 was reported, one during the early growing season (end of October) 
and one during the end of growing season (end of February) (Marais 1980). In Fulkerson et al. 
(1998), kikuyu was fertilised with urea at rates of 100 kg ha-1 after every grazing during December 
to May, while Pearson et al. (1985) applied 120 kg N ha-1 after every harvest, which was after four 
weeks in summer and six weeks during winter.  
Cross (1979) presented a review of the production of kikuyu in Natal region of SA, comparing the 
production of previous cutting and grazing trials under different fertilisation regimes. The cutting 
trials received N applications of between 170 to 240 kg N ha-1 yr-1 and responded with herbage 
production that ranged from just below 8 t DM ha-1 to above 12 t DM ha-1 during the growing 
season. Cutting trails receiving 200 kg N ha-1 yr-1 were not significantly different in DM production 
compared to grazed kikuyu pastures receiving 141 kg N ha-1 yr-1. Therefore fertiliser application 
recommendations based on cutting trials can be reduced by up to 30%  when they are utilised for 
grazed dairy pastures due to recycling and deposition of N through animals. However, Cross 
(1979) mentioned that reducing the application rate should only occur after two years grazing of N 
application, so as to allow the soil to build up a level of N, before confidence is placed in this 
recycled N. Total soil N was recorded on various locations in Highland Sourveld and Natal Mistbelt 
in South Africa as 0.48, 0.31, 0.49%  (Miles 1997). However, Miles (1997) suggested that even 
with intensive grazing and high rates of N inputs it is difficult to make use of the available N in the 
soil because it is easily depleted. Even though different genotypes of kikuyu displays different 
yields, there was no interaction between genotype and N, but rather a trend for different cultivars to 
display different yields at different locations (Pearson et al. 1985). There is a research need for 
certainty of N fertilisation for kikuyu pastures since broad ranges (up to 1000 kg N ha-1 yr-1) are still 
reported. 
2.2.2.3 Forage quality 
On tropical grass pastures, which includes kikuyu, farmers are concerned with adequate N (crude 
protein (CP)) and phosphorous (P) levels in pasture for the animal diet, but less concerned about 
dietary potassium (K) deficiency (Cook and Mulder 1984a). As the kikuyu component increase in 
the pasture from winter to summer, the metabolic energy decreases due to an increase in the DM 
and neutral detergent fibre (NDF) content (van der Colf et al. 2015b). A range of DM content of 
kikuyu has been reported, including15% (Kenney et al. 1984), 13.1% (Marais et al. 1990) and 
16.8% during autumn (van der Colf et al. 2015b). Swanepoel et al. (2014b) showed that pure 
kikuyu, where no soil disturbance or over-sowing methods had been applied, had a higher DM 
content compared to other cultivation methods from April to mid-winter. Dry matter concentration 
was also reported to be higher in the 0 N treatments compared to when N had been applied (King 
et al. 2012; Bester 2014). Kikuyu has a higher digestibility compared to what is usually found in 
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other tropical grasses (Jeffery 1971), while the leaf material has a higher nutritional value than the 
stem material (Marais 1990). Even so, the total non-structural carbohydrate (TNC) content of 
kikuyu’s leaf material is still too low (6.29% ) to provide to the animal’s nutritional needs which 
requires up to a 40% TNC of the total DM intake (Marais 1990; Nocek 1997; Miles et al. 2000; 
NRC 2001). High producing dairy cows utilise the TNC component as an energy source for milk 
production (NRC 2001). Total non-structural carbohydrates increased from 8.4 to 10.6% as the 
stubble height increased from 3 to 12 cm (Fulkerson et al. 1999). Other authors have similarly 
reported TNC values of 5% (Marais et al. 1990) and 9% (Fulkerson et al. 1998). High NDF and 
overall lower digestibility results in a slow rate of degradation in the rumen which may lead to the 
low voluntary intake of kikuyu (Reeves et al. 1996) as confirmed in sheep (Joyce 1974). Neutral 
detergent fibre levels commonly found in kikuyu, was reported by Fulkerson et al. (1999) to be 
between 43 and 56%, by Miles et al. (2000) to be in the range of 42.3 to 84.0% and by Fulkerson 
et al. (1998) to be in the range of 40 to 60%. As kikuyu matures, the leaf:stem ratio decreases and 
thereby decreasing the nutritional value of the sward (Marais 1990). Kikuyu has a low 
metabolisable energy (Marais et al. 1990) relative to temperate pasture species such as ryegrass. 
Limitations of kikuyu also include higher cell wall content, low water soluble carbohydrates and 
nutrient imbalances (Garcia et al. 2014). Excessive N levels in kikuyu pastures cause protein and 
energy imbalances that reduce the nutritional value of the pasture (Marais et al. 1990).  
Garcia et al. (2014) described characteristics of kikuyu resulting in the need of supplementary 
feeding. Firstly kikuyu, when compared to perennial ryegrass, has high fibre and hemicellulose 
levels that are reasonably digestible. Secondly, kikuyu contains low levels of TNC, which will affect 
the amount of dry matter intake as well as the digestibility and therefore also the metabolisable 
energy (Miles et al. 2000). Kikuyu contains up to 60 g lignin kg-1 DM resulting in large amounts of 
indigestible cell wall carbohydrate (Marais 2001). The third reason for supplementing kikuyu is the 
unbalanced nature of its mineral content. Miles et al. (2000) reported that in kikuyu the requirement 
of animals was either matched or exceeded in terms of certain minerals such as K, while copper 
was undersupplied. Calcium (Ca) is often unavailable to the animal in kikuyu pastures due to the 
effect of high oxalic acid that binds the Ca (Marais 2001) but kikuyu in the Eastern Cape indicate 
low levels of oxalate concentrations (Miles et al. 2000). Kikuyu has a high luxury uptake of K, 
resulting in values exceeding beef and dairy cattle requirements by approximately 10-fold, with 
whole sward values in the range of 3.04 to 5.60% , stem mean of 5.82%  and leaf mean of 4.05%  
(Marais 1990). It has been reported that kikuyu in the Eastern Cape have a higher Ca content and 
more favourable Ca:P ratio than other parts of SA and Australia (Miles et al. 2000). Adequate 
grazing management has also been advocated to manage the Ca:P ratio. When grazing 
commences after the two leaves per tiller stage, Ca levels rise and CP content fall, but there is also 
a considerable decrease in organic matter digestibility (Fulkerson et al. 1999). Calcium 
concentration has been reported to be highest during autumn and winter at 0.34% (Fulkerson et al. 
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1999). Although the CP content of kikuyu is often reported to be high, N retention was low at 
13.7% (2.7 g per sheep) and this could be attributed to low metabolisable energy (Marais et al. 
1990). When a decrease in animal production is seen in animals grazing kikuyu, it is most likely 
due to nitrate levels of the pasture (Marais 1980). Lowered production could be attributable to 
nitrite that is formed as an intermediate when nitrate is reduced to ammonia by rumen organisms., 
The nitrite binds with haemoglobin and results in a shortage of oxygen, thus hindering the health of 
the animal (Marais 1997; 2001). 
Supplementary feeding of dairy cattle is expensive (Botha 2009). Knowledge on incorporating 
supplementation is needed to have a successful operation and prevent financial losses (Botha 
2009), as it has been reported that supplementation of high energy concentrate is effective in 
maintaining milk yield per cow on well managed kikuyu pasture (Meeske et al. 2006; Garcia et al. 
2014).  
2.2.2.3.1 Protein content  
Most of the protein of a kikuyu sward is contained in the leaf material (Marais 1990). Crude protein 
is calculated by multiplying laboratory determined N content with a factor of 6.25. N application rate 
affects percentage of N in kikuyu (Pearson et al. 1985). Cook and Mulder (1984b) reported that 0.5 
- 1 kg CP ha-1 can be expected for every additional kilogram N applied when kikuyu is not actively 
growing, while an addition of 3 to 4.5 kg CP ha-1 may occur in the actively growing period.  
Furthermore, grass height or pasture yield accumulated can also affect the CP content of kikuyu.  
With a grass height of 8 to 13 cm, CP value of 10.7% was obtained while grass with height of 20-
30 cm had a CP value of 16.9% (Joyce 1974). A decline in CP was also evident as the number of 
leaves per tiller of kikuyu increased (Reeves et al. 1996; Fulkerson et al. 1999). Crude protein 
digestibility of grass with a height of 8-13 cm had a value of 54.0%, while 20-30 cm had a value of 
66.0% (Joyce 1974). Various authors have reported on the change in CP as a result of the season. 
Dugmore and du Toit (1988) found a peak in the CP content during autumn in South Africa. In 
addition, CP values obtained from different studies under different N fertilisation regimes resulted 
in CP values between 6.2 to 33.3% (Jeffery 1971, Pearson et al. 1985, Marais et al. 1990, Reeves 
et al. 1996, Fulkerson et al. 1999, Miles et al. 2000, Fourie 2015). 
Nitrate may contribute to a further reduction in the digestibility of kikuyu (Marais 1990) and tends to 
accumulate more in old established kikuyu pastures (Marais et al. 1987). Nitrate also accumulates 
in the stem material (1.3%) and not in the leaf material, as it did not exceed 0.45% in the latter 
component (Marais 1990).  The form in which fertiliser was applied was found to affect the 
accumulation of nitrate, with nitrate fertilisation accumulating more nitrate than urea fertilisation 
(Williams et al. 1991). Optimum stimulation of in vitro digestibility occurs at 1 to 1.5 mg g-1 nitrate in 
pasture (Marais, 1980) and therefore, nitrate levels of 5 mg g-1 or above are regarded as high and 
viewed as an anti-quality factor for grazing animals (Marais et al. 1990).  
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2.2.2.4 Production 
In South Africa, kikuyu is important for dairy production in the KwaZulu Natal Midlands, and any 
improvement in the production of kikuyu will lead to increased profitability (Dugmore and du Toit 
1988). Other regions where kikuyu makes a notable contribution to dairy systems include the 
southern and eastern Cape. Swanepoel et al. (2014b) found annual herbage of 21.29 t DM ha-1 
with applications of approximately 32 kg N ha-1 grazing cycle-1 in the southern Cape region. The 
pure kikuyu pastures produced 6, 1.53, 6.29 and 7.47 t DM ha-1 in autumn, winter, spring and 
summer respectively (Swanepoel et al. 2014b). In the same location Botha et al. (2008b)  found 
that the total annual production of kikuyu was 13.8 t DM ha-1 yr-1 when N was applied at a rate of 
600 kg N ha-1 yr-1 in 10 split dressings. In another study in Australia, 120 kg N ha-1 after each 
harvest (4 weeks in summer to 6 weeks during winter) produced herbage yields of 23.8, 15.9 and 
14.8 t DM ha-1 yr-1 depending on the location (Pearson et al. 1985). This research found that the 
highest production occurred at lower latitudes (Pearson et al. 1985). 
Lowe et al. (2011) stated that between 12 and 14 t DM ha-1  can be expected from well managed 
kikuyu pastures, while the same was also found by Cook and Mulder (1984a) where 15 t DM ha-1 
was found under a regime of applying 100 kg N ha-1 once every two harvests. In a review article by 
Garcia et al. (2014), mean annual herbage production of kikuyu based pastures was 12.2 t DM ha-1 
yr-1 while receiving an approximate mean N application of 493.3 kg N ha-1 yr-1.  In New Zealand, 
the highest growth rates for kikuyu were found during February and March (Goold 1979) which 
concur with the findings of Joyce (1974) that production is the highest during summer and autumn 
months. In Australia, the low production period was found to be during May to October while high 
producing months were reported to be between November and April (Cook and Mulder 1984b). 
Similarly, in the southern Cape of South Africa, the highest growth rates were also reported to be 
during summer and autumn (Botha et al. 2008b). 
Kikuyu has a place in dairy systems as part of an optimal mix as reported by Neal et al. (2007), 
who used a linear programming modelling approach to compute these pasture mixes on a 200 ha 
farm in Australia. Neal et al. (2007) found that maximum profit could be obtained by having 12 ha 
under kikuyu over-sown with annual ryegrass and 1 ha under kikuyu over-sown with wheat 
amongst perennial ryegrass, prairie grass, white clover and plantain. For maximum yield however, 
all 200 ha should be allocated to kikuyu over-sown with rape. Fertilisation with N has been found to 
increase the proportion of kikuyu in pastures consisting of multiple species (Pearson et al. 1985).  
2.2.2.4.1 Nitrogen use efficiency  
In Australia, a yield increase of 3.6 kg DM kg-1 N was observed when N application increased from 
25 to 50 kg N ha-1 in low production period (May to November), while in the high production period 
(November to April) the increase was 28.2 kg DM kg-1 N (Cook and Mulder 1984a). During the low 
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production period, when N application increased from 50 to 100 kg N ha-1, the DM production 
increased with 5.6 kg DM kg-1 N, while in the high production period the DM production increase 
was 17.8 kg DM kg-1 N. Cook and Mulder (1984a) suggested that the most important time for 
strategic N fertiliser is before and after the summer peak production. In South Africa, the response 
of kikuyu to N was reported to be in the range of 12.9 to 31.7 kg DM kg-1 N (Miles 1997). The 
author concluded that the large variation was due to N application rate and differences in rainfall in 
the different years of study. Increasing N application rates and low rainfall resulted in lower 
agronomic N use efficiencies (ANUE) (Miles 1997). Goold (1979) reported that when kikuyu 
experienced low temperatures and moisture stress, N often did not have an effect on pasture 
growth, but it is suggested that the best time for application would be during late winter.   
2.2.3  Ryegrass 
2.2.3.1 Overview and management 
Kikuyu’s grazing capacity is increased by over sowing ryegrass into the kikuyu pasture base 
(Botha et al. 2008a). Swanepoel et al. (2014b) confirmed that the best method for over-sowing 
ryegrass into kikuyu, to achieve optimum production and quality, was by mulching the kikuyu base 
and then using a minimum tillage seed drill to plant ryegrass, a method also described by Botha 
(2003) and van der Colf (2011). The planting date of ryegrass into kikuyu is dependent on the need 
of the farmer, but if the aim is to overcome fodder flow problems during winter months, it is best to 
plant Italian ryegrass during February to March in the southern Cape (Botha et al. 2015). The 
choice of ryegrass species should be based on what is expected of the pasture in terms of 
production. For example, whether the aim is to increase the pasture quality of kikuyu during 
summer and autumn, or when high production is required in terms of seasonal production (spring 
vs. summer) (van der Colf et al. 2015b). The ryegrass should be sown at depths not exceeding 3 
cm, with shallower depths being preferable to very deep planting depths. Mulch cover can be a 
limiting factor for seedling emergence, and residue of 1800 kg DM ha-1 resulted in poor emergence 
and poor persistence (Sinclair and Beale 2010). Grazing of kikuyu prior to planting should thus aim 
to minimise the accumulation of fibrous residue. No-till establishment combined with shredding of 
the residue lowered production costs and still resulted in a higher ryegrass production compared to 
conventional tillage (Bueno et al. 2007). Increasing the seeding rate above 800 pure live seed per 
square meter did not have an effect on the production (Venuto et al. 2004). At this level, the 
seeding rate would equate to between 20.2 and 35.8 kg seed ha-1 depending on the year and the 
cultivar choice of Italian ryegrass (Venuto et al. 2004). In a study by Cullen et al. (2008), the 
grazing management for ryegrass at their various study sites was at two to three leaf stage.  
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2.2.3.2 Growth requirements 
2.2.3.2.1 Temperature requirement 
Ryegrass growth is restricted greatly at very low temperatures, together with low solar radiation 
and waterlogging of soil (Bolland and Guthridge 2007). In Japan, winter air temperatures have 
been found to restrain the growth of Italian ryegrass (minimum temperature: -1.0°C , maximum 
temperature: 27.6°C , mean temperature: 10.0°C  during October 2006 to April 2007) (Kobayashi 
et al. 2008). Optimum temperature used in a model was 20°C for annual ryegrass (Cullen et al. 
2008). At soil temperatures below 14°C, the uptake of ammonium was found to exceed that of 
nitrate (Clarkson and Warner 1979) and the result of increased ammonium uptake is lowered root 
dry weight accumulation (Belastegui-Macadam et al. 2007). Belastegui-Macadam et al. (2007) 
speculated that the reason might be that ammonium is translocated to the shoot instead of roots. 
This is an important concept to take into account when oversowing ryegrass into kikuyu, to ensure 
good root growth. 
2.2.3.2.2 Water requirement 
Irrigation, by means of overhead sprinklers or movable system with overhead sprays (depending 
on the site), was scheduled at 50 mm every two weeks in order to prevent water stress (Lowe et al. 
2007). In other studies, irrigation was applied as 25 mm per week (Eckard 1989; Harris and 
Bartholomew 1991). Italian ryegrass in Japan received 576 mm rainfall in the growing period from 
October to April (Kobayashi et al. 2008). A water deficit in ryegrass was found to result in a 
lowered N use efficiency (Durand et al. 2010). The water use efficiency increased with an increase 
in N application (Theron and van Rensburg 1998). Italian ryegrass planted between October and 
November in Spain (rainfall mainly during October to June period) died off due to heavy rainfall in 
the growing season, and caused a delay in development (Bueno et al. 2007), indicating that 
waterlogging may be limiting to ryegrass growth. On the Outeniqua Research Farm (near George, 
South Africa), it was determined that a ryegrass-clover pasture should be irrigated according to a 
tensiometer in such a manner that irrigation is applied prior to a reading of -20 kPa (Botha 2002). 
The author also concluded that on the Escourt soil type in George, it is more effective to apply two 
15 mm irrigation compared to one application of 30 mm. 
2.2.3.2.3 Soil nutrient requirement 
When ryegrass is not grazed, but material removed, special attention should be given to soil K 
levels. In South Africa, a cutting trial study determined that 518 kg ha-1 of K was removed from the 
soil during April to October (Miles and Hardy 1999). Soil salinity, where the electrical conductivity 
was 11.2 dS m-1 resulted in decreased production of both the roots and shoots (Sagi et al. 1997). 
The ideal soil pH (KCl) for growth of ryegrass is 5.5 (Miles 1991; Eckard et al. 1995). A prolonged 
Stellenbosch University  https://scholar.sun.ac.za
 28 
 
P deficiency in the soil for longer than six days, negatively affected shoot growth and affected N 
utilisation as reported by Kim et al. (2003). 
Pembleton et al. (2013) reported that the soil mineral N content, in the 0 – 300 mm soil depth of a 
perennial ryegrass pasture after winter N applications, was different between the N treatments. Soil 
mineral N content in the soil was 10.5, 21.9 and 54.6 kg N ha-1 as a result of total winter N 
applications of 0, 150 and 300 kg N ha-1 respectively (Pembleton et al. 2013). Ryegrass responded 
well to N fertiliser, since plots receiving no N consistently produced lower yields compared to those 
fertilised with N (Eckard et al. 1995). Fertilisation regimes differed among authors cited in literature. 
High inputs were characterized as 420 kg N ha-1, medium as 210 kg N ha-1 and low as 105 kg N 
ha-1 by Gilliland et al. (2010). According to Miles (1991), between 200 and 400 kg N ha-1 yr-1 is 
required for maximum production. However, according to Eckard (1989) N applications of 300 to 
350 kg N ha-1 year-1 exceeded the N requirements of Italian ryegrass under cutting for the optimum 
yield of 90%. Harris and Bartholomew (1991) applied 50 kg N ha-1 after every harvest. To achieve 
early spring response, rates of 50 to 60 kg N ha-1 during July have been defended (Eckard et al. 
1995). Pure Italian ryegrass at different sites were estimated to produce 90% of maximum DM 
when fertiliser applications was in the range of 50-80 kg N ha-1 month-1 (Lowe et al. 2005). 
Seasonal application has also received some attention in research, with certain findings indicating 
that applying high rates of N during winter (300 kg N ha-1) resulted in losses to the environment 
(Pembleton et al. 2013).  
2.2.3.3 Forage quality 
Seasonal DM content for Italian ryegrass sown into kikuyu varied between 12.2 and 15.5%  in the 
first year and between 12.1 and 16.8%  during the second year (van der Colf 2011). In pure swards 
of ryegrass, the DM content varied between years from 18.5% to 15.7% during 2004 and 2005 in 
spring, while in autumn 2016 the DM content was 13,6 % (Cosgrove et al. 2007). In a study 
conducted by King et al. (2012), the DM content, during May and June in the years 2009 and 2010, 
varied between 19.6 and 28.6% under high or low N fertilisation. A lot of pasture species, including 
Italian ryegrass, takes up K in excess of what the plant needs which results in a decrease in, for 
example, Ca, magnesium and sodium (Miles 1991). The NDF content of Italian ryegrass varied 
during the growing season from 35 to 45% (Kobayashi et al. 2008). Similar ranges for NDF were 
reported by Cosgrove et al. (2007) and King et al. (2012). In the southern Cape of South Africa, 
where ryegrass was sown into kikuyu, NDF ranges were found to be as low as 46.0 in spring to a 
high of 70.1% during autumn (Botha et al. 2008b). Van der Colf et al. (2015b) reported NDF 
values, in the same location, between 37.9% in winter and 57.8% in autumn. As the plant matures 
the nutritive value decreases (Borreani and Tabacco 1998). 
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2.2.3.3.1 Protein content 
Lowe et al. (2005) found that as N fertilisation increased, N concentration increased in N foliage, 
while the source of N had little effect on N content. Results have also indicated that as the date of 
harvest was extended, CP concentration decreased (2.1 g kg-1 DM day-1) (King et al. 2012). This 
was supported by findings from Bryant et al. (2012) that soluble true protein was reduced from the 
appearance of the second leaf to the appearance of the fourth leaf in perennial ryegrass. In New 
Zealand the N content was highest in July (winter) and then declined to an ultimate low during in 
spring (Thom and Prestidge 1996). Various reports from a range of locations and fertiliser 
applications of CP levels in ryegrass, ranged between 8.3% and 28.3% (Davidson et al. 1997; 
Bolland and Guthridge 2007; Cosgrove et al. 2007; Kobayashi et al. 2008; Fessehazion et al. 
2011; Giambalvo et al. 2011; King et al. 2012). 
2.2.3.4  Production  
Various factors should be considered when determining the DM production of ryegrasses. 
Environmental factors, cultivar choices, fertilisation and site differences all have an influence on the 
herbage production potential and forage quality of ryegrass (Lowe et al. 2007). For example, 
ryegrass type can greatly influence the production of a sward, with Westerwolds ryegrass found to 
die out sooner than Italian ryegrass (Harris and Bartholomew 1991). Fertiliser N increased the DM 
production of ryegrass but the response could have been influenced by the high residual N in soil 
(King et al. 2012). During early spring (August), treatments that received N applications at six week 
intervals consistently produced higher compared to four week N application intervals, while at the 
end of Spring (October – November), the four week applications out produced all other times and 
rates (Eckard et al. 1995). To ensure a high early spring production, it is validated to apply high 
rates of N (50 – 60 kg DM ha-1) in July (Eckard et al. 1995). Annual ryegrass produced 14 t DM ha-
1 receiving 400 kg N ha-1 (Davidson et al. 1997). Optimum N application was determined by the N 
content of the pasture during October to obtain 90% of yield in November by Vogeler and Cichota 
(2016). The N content were put in categories of 2.0 to 2.4, 2.5 to 2.8, 2.9 to 3.2, 3.3 to 3.6, and 3.7 
to 4.0% N and it was determined that it should receive 158, 144, 112, 85 and 59 kg N ha-1 
respectively (Vogeler and Cichota 2016). Bolland and Guthridge (2007) reported that as more N is 
applied to mixed ryegrass-clover pastures, ryegrass content increased while clover content 
decreased. However site can play an important role in the production potential as DM production of 
13.5, 11.8 and 15.4 t ha-1 yr-1 were obtained from different sites (Eckard 1989). In South Africa, 
Italian ryegrass sown into kikuyu yielded 19.5, 18.4, 17.6 and 16.6 t DM ha-1 at different sites and 
ploidy levels (Harris and Bartholomew 1991). Swanepoel et al. (2014b) reported herbage 
productions of 20.3 t DM ha-1 yr-1. Mean annual grazing capacity on the Outeniqua Research Farm 
was 6.4 and 5.3 cows ha-1 (van der Colf et al. 2015a).  
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It is evident from previous research that there is a paucity in dairy research which brings together 
three aspects of pasture dairy production namely fertilisation, seasonal DM production and animal 
production. It should be important to know what cultivar to use in the specific region, when to 
fertilise and what the seasonal DM production would be in order to obtain a linear fodder flow for 
the dairy cows.  
2.2.3.4.1 Agronomic N use efficiency 
The agronomic N use efficiency (ANUE) of ryegrass was found to be unaffected by treatment and 
varied greatly between years and location of experiments by Lowe et al. (2005). In addition, a 
study by Bolland and Guthridge (2007) found that the lowest efficiency was during winter and 
autumn while the highest efficiency was found in spring. There was generally an inverse 
relationship between ANUE and N application rate in a study conducted by  Lowe et al. (2005), but 
the differences between treatments were not significant. In a another study, different rates of N did 
not affect the response to N applied, but the production did vary largely across years and 
experimental sites (Bolland and Guthridge 2007). Eckard (1989) stated that the low N response 
often reported in ryegrass might be attributable to high residual N in soils. The response of pasture 
was 33.9, 23.8, 27.6 and 25.0 kg DM increase per kg N applied and were obtained respectively in 
response to application rates of 0 to 200 kg N ha-1 yr-1. King et al. (2012) reported an average of 
9.9 kg DM increase per kg N applied ha-1. Lowe et al. (2005) reported that when N was applied 
after every cut, instead of every second cut, ANUE was higher. 
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Chapter 3  The effect of N fertilisation on the chemical and 
biological soil characteristics  
3.1 Introduction 
In the southern Cape of South Africa, most of the dairy production systems under irrigation are 
based on planted pastures and commonly consist of kikuyu (Pennisetum clandestinum) over-sown 
with annual ryegrass (Lolium multiflorum) (Botha 2003; van der Colf 2011; Swanepoel et al. 
2014a). One of the management practices of kikuyu-ryegrass pastures include, high rates of 
nitrogen (N) fertilisation in the range of 300 to 500 kg N ha-1 yr-1 (Marais 2001), but these rates are 
under scrutiny. The motivation behind this, is that the guidelines were developed on cultivated 
cutting trials (Beyers 1994) without considering N input from grazing animals. These 
recommendations were thus developed under conditions that are considerably different to grazed, 
minimum-tillage dairy pastures that are currently adopted by most dairy farmers. It is inevitable that 
the N dynamics in the soil would also have changed since the development of these N fertiliser 
guidelines. There is thus a need to reassess the current N fertilisation guidelines for kikuyu and 
kikuyu-ryegrass systems, in order to find optimum N fertiliser rates under the current management 
practices (Swanepoel et al. 2015a) which is grazed and associated with minimum-tillage.  
Nitrogen dynamics in soil is complex. Besides the addition of N through the excretion of animals 
and inorganic fertilisers, the soil also supplies N by means of the mineralisation of organic matter 
(Addiscott 1996). The rate of mineralisation may be affected by both environmental and 
management factors. Through the process of mineralisation, ammonium is produced with the help 
of microbes (Edenborn et al. 2011). In soil, ammonium is transformed to nitrite and subsequently 
nitrate (Brady and Weil 2002). Nitrate is soluble in water, making it vulnerable to potential leaching 
into the ground water reserves (Addiscott, 1996), which results in pollution and damage to the 
environment through eutrophication (Conley et al. 2009). In addition, leaching results in the loss of 
one of the most expensive inputs on a dairy-pasture farm (Baligar et al. 2001). Applying fertiliser 
increases the risk of N leaching either directly during periods of high rainfall or low pasture 
production, or indirectly by increasing the urinary N concentration in soil due to increased stocking 
rates that result from highly productive pasture (Vogeler et al. 2016). Bhogal et al. (2004) found 
that long term N fertilisation can increase N supply from the soil through mineralisation. This could 
be associated with an increase in organic carbon due to increase in plant residue returns. Soils 
under permanent pasture usually have a high content of organic matter and therefore a large pool 
of potentially mineralisable N (PMN) (Matlou and Haynes 2006). It is therefore important to 
evaluate the N contribution from mineralisation (Murphy et al. 2004). Since mineralised N is plant 
available, it should be taken into account when fertilisation decisions are made. For instance 
lowering fertiliser N applications in times when N from mineralisation are high enough to support 
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productive growth. Organic carbon (C) levels in the soil have also been noted to affect N 
mineralisation and as such can affect total soil N levels (Swanepoel et al. 2015b). In addition, total 
N and urease activity have also been found to be highly correlated (Swanepoel et al. 2014c). 
Similarly, high correlation were also found by Gianfreda et al. (2005) between UA and total N 
(r=0.886). These studies indicate the importance of the urease enzyme in the N cycle (Pascual et 
al. 1999) that catalyses the hydrolysis of urea to produce ammonium and carbon dioxide.  
In order to effectively reassess the guidelines, soil N dynamics should be investigated as affected 
by fertilisation and N additions through manure and urine from dairy cows. The aim of this study 
was to investigate the effects of fertilisation on soil N dynamics, which will aid in optimising N 
fertilisation of kikuyu and kikuyu-ryegrass pastures. In order to achieve the aim of the study, the 
effects of different N rates on various soil characteristics such as PMN, C:N ratio, UA and total soil 
N are determined in order to better understand the N dynamics in the soil as influenced by grazing, 
N fertiliser input and season. The results may aid in the prevention of losses through leaching while 
adequate supply to pasture crops are maintained.   
3.2 Materials and Methods 
3.2.1 Experimental site characterisation  
The research site was located on the Outeniqua Research Farm (33 58’ 38” S; 22 25’ 16” E) near 
George in the Western Cape Province of South Africa. The site is situated at an altitude of 201 m, 
approximately 8 km from the Indian Ocean. The long-term (35 years) mean annual precipitation is 
728 mm and is distributed throughout the year. The area is characterised by a temperate climate 
with mean daily maximum temperatures in the range of 18 to 25 °C and minimum temperatures of 
7 to 15°C. The current study was undertaken for two years and commenced during April 2016 and 
continued until March 2018. Autumn months were March, April and May; winter months June, July 
and August; spring September, October and November and the summer months December, 
January and February. The soil is characterised as a Podzol (Table 3.1) (IUSS Working Group 
2015) also locally known as a Witfontein soil form.  
3.2.2 Study design and treatments 
Two distinctive trials were conducted on separate pasture sites. The first trial consisted of a kikuyu 
(Pennisetum clandestinum) pasture and the second trial of kikuyu over-sown with annual ryegrass 
(Lolium multiflorum). Preceding long-term management of both sites consisted of over-sowing 
kikuyu pasture with ryegrass employing minimum-tillage methods and an N fertilisation rate of 
approximately 40 kg N ha-1 after each grazing. 
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Table 3.1:: Description of a Podzolic soil (IUSS Working Group 2015) 
Horizon Depth Description 
Orthic A horizon 0 – 200 mm Pale grey with low clay content 
Podzol B horizon 200 – 300 mm Accumulation of illuvial organic matter 
Unconsolidated material 300 – 600 mm  
 
The trials were laid out in randomised block designs. Each site had six N fertilisation treatments 
with four blocks that served as replicates. Plots comprised an area of 15 m × 15 m. Both sites was 
individually managed and assessed. The six N fertilisation rates were applied to each pasture type 
in the form of limestone ammonium nitrate (LAN), as soon as possible after grazing, usually within 
five days of grazing. Five of the six N treatments were applied at fixed rates of 0, 20, 40, 60 and 80 
kg N ha-1 after each grazing cycle. For the sixth treatment, N was applied strategically, viz. 
according to the nitrate concentration of the soil water. The fixed nitrogen treatments and criteria 
utilised in the strategic nitrogen treatment are described in Table 3.2. Soil water was obtained from 
FullStopTM Wetting Front Detectors (WFD) installed at 150 and 300 mm beneath the soil surface. A 
WFD is a funnel-shaped passive lysimeter, installed at different depths in soil for the purpose of 
managing irrigation. When the soil potential around the WFD approaches a matrix potential of c. -3 
kPa, free water is produced at the base of the funnel, from which soil water can then be extracted 
and used to monitor fertilisation and salinity. As the water passes through a filter and collects at the 
reservoir, a float is magnetically activated showing that there is a water sample to be retrieved for 
analysis by using a syringe (Stirzaker 2003). During the study the sampled water was moved from 
the field to the lab in 30 mL watertight containers. Both the syringe and containers were cleaned 
with distilled water prior to soil water collection. Nitrate concentrations from these soil water 
samples were determined using a Horiba Scientific LAQUAtwin compact water quality meter. This 
was done throughout the year whenever the WFD had collected enough water and the float was 
activated. An average of the preceding month’s measurements of the 150 mm WFD was used to 
calculate the N application rate for the strategic N treatment. When the average nitrate 
concentration was above 50 mg L-1, no N was applied. At a nitrate concentration between 25 and 
50 mg L-1 N was applied at a rate of 25 kg N ha-1. When the nitrate concentration was below 25 kg 
N ha-1, 50 kg N ha-1 was applied. According to Fessehazion et al. (2011) the optimum nitrate level 
in soil solution when both yield and forage quality of ryegrass is considered to be 50 mg L-1 . 
Assuming that mixed pasture systems will behave similarly in the podzolic soil, the optimal nitrate 
concentration was also set at 50 mg nitrate L-1. However, after September 2016 these 
recommendations were reconsidered as the strategic N plots maintained soil nitrate levels >50 mg 
L-1, with evident visual N deficiencies and slow growth. New nitrate concentrations limits were set 
at >75 mg L-1; 50 to 75 mg L-1 and <50 mg L-1 to apply 0, 25 and 50 kg N ha-1, respectively.  
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Table 3.2: The Nitrogen (N) treatments abbreviations, N application rate per grazing cycle and estimated N 
application rate per year,applied to the kikuyu and kikuyu-ryegrass sites 
Abbreviation 
 
N applied after grazing 
(kg N ha-1 grazing cycle-1) 
Estimated N applied per year 
(kg N ha-1 year-1) 
N0 0 0 
N20 20 200 
N40 40 400 
N60 60 600 
N80 80 800 
Nvar Depend on nitrate concentration in soil solution 
 
The total amount of N applied varied between the two sites, as seen in Table 3.3. The difference in 
N application between the two sites will be discussed in the next section (3.2.3 ). 
Table 3.3: Actual total amounts of nitrogen (N) fertiliser applications for year one (1) and two (2) of the study, 
amount of grazing cycles obtained within a year for the kikuyu and kikuyu-ryegrass site. 
Treatment 
Total application on kikuyu site 
(kg N ha-1 year-1) 
Total application on kikuyu-
ryegrass site (kg N ha-1 year-1) 
Year 1 Year 2 Year 1 Year 2 
N0 0 0 0 0 
N20 240 260 200 220 
N40 480 520 400 440 
N60 720 780 600 660 
N80 960 1040 800 880 
Nvar 35 – 85  0 – 50  10 – 35  0 – 50  
Nr of grazing cycles  12 13 11 12 
Days in production year 356 379 356 379 
N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable rate of nitrogen fertilisation 
 
3.2.3 Pasture management 
The kikuyu pasture type was slashed with a mower to a 50 mm height during April 2016 in order to 
prevent the build-up of a fibrous mat of plant material. No N was applied after slashing in 2016. 
The kikuyu pasture was slashed again in March 2017, but this year, N treatments were applied 
after slashing. 
For the kikuyu-ryegrass pasture site, the existing kikuyu (local strain) was over-sown with ryegrass 
(cv. Barmultra II) in April 2016. The existing kikuyu was grazed down to a 50 mm height after which 
it was mulched to ground level (1.6 meter Nobili with 24 blades). Annual ryegrass was planted into 
kikuyu at 25 kg ha-1 using a minimum-till Aitchison seed drill (van der Colf 2011). The planted area 
was then rolled with a Cambridge type roller. No N was applied at planting. In March 2017, the 
same procedure was followed as described above to over-sow ryegrass into kikuyu for the 
production year starting March 2017. During over-sowing in both years, no N was applied. This 
was to prevent kikuyu from having a competitive advantage over the newly establishing ryegrass 
pasture, thereby ensuring that the ryegrass seedlings are not overshadowed by actively growing 
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and fertilised kikuyu. This is also the reason why, in Table 3.3, the kikuyu-ryegrass pasture could 
accommodate 11 grazing cycles, but the amount of N applied equates to 10 grazing cycles.   
Permanent sprinkler irrigation was used on both pastures. Sprinklers were spaced 15 m apart, 
which also indicated the plot boundaries. Irrigation was based on tensiometer readings, and was 
aimed at maintaining the matrix potential between -25 and -10 kPa. One tensiometer was installed 
at a depth of 150 mm on each pasture site. Rain gauges were installed next to the tensiometers to 
measure the amount of water (rain and/or irrigation) received by the pasture. A Decagon Weather 
Station was used to collect weather data (Figure 3.1).  
The pasture was grazed by Jersey cows, with grazing cycles varying between approximately 28 
days during summer and 32 days during winter. A rising plate meter was used to estimate the 
amount of pasture available for the cows pre-grazing. The plots were strip grazed intensively in 
order to equally distribute any carry-over effects from either the concentrate from the milking 
parlour or previous pasture.  
 
Figure 3.1: Precipitation and mean daily temperature of the Outeniqua Research farm during the course of 
the study. *faulty instrument, missing value  
3.2.4 Sampling and analysis 
Soil samples were taken on an annual basis (May 2016 and March 2017) to be analysed for Ca, 
Mg, Na, K, P, Cu, Zn, Mn, B, S, and C levels in the top 0 – 100 mm depth. The physical and 
chemical properties prior to N application (May 2016) on both sites are presented in Table 3.4. The 
soil fertility indicators at both sites were within the recommended guidelines for kikuyu-ryegrass 
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pastures (Beyers 1994), except for certain areas where P, S and B were marginally sub-optimal. 
To correct these deficiencies, 285 kg ha-1 single superphosphate was applied. Solubor (400 kg ha-
1) was applied as a foliar spray to alleviate the boron deficiency. In areas where there was free 
acidity in the soil, 500 kg ha-1 calcitic lime was applied. Potassium chloride was applied at a rate 
according to the soil analysis and K content as per the normal practice. 
Table 3.5 and Table 3.6 show the soil analysis results determined during March 2017. These 
results were obtained after a year of N treatments applications at the kikuyu and kikuyu ryegrass 
sites, respectively. 
Representative soil samples were taken on each plot prior to grazing. Sampling was done in 0 - 
100 mm, 100 - 200 mm and 200 - 300 mm depths using a beater type soil auger with a diameter of 
75 mm. Three subsamples per plot were taken per depth, pooled and thoroughly mixed in robust 
plastic basins labelled according to depth. Mixing was done by hand. The augers, basins and 
hands were cleaned prior to each plot using 70% Ethanol and paper towels. The soil samples were 
placed in marked paper and plastic bags according to the specific analysis to be done.  
Table 3.4: Soil physical and chemical property ranges of the kikuyu and kikuyu-ryegrass sites prior to 
nitrogen (N) applications in May 2016 
 
Kikuyu Kikuyu-ryegrass 
pH(KCl) 5.4 - 5.7  5.3 - 5.7 
Resistance (Ohm) 480 - 680 690 - 870 
Exchangeable acidity (cmol kg-1) 0.0 - 0.8 0.0 - 0.8 
Exchangeable Ca (mg kg-1) 598 - 840 674 - 774 
Exchangeable Mg (mg kg-1) 118 - 216 188 - 227 
Exchangeable Na (mg kg-1) 88 - 141 96 - 100 
Exchangeable K (mg kg-1) 81 - 109 79 - 110 
Cation exchange capacity (cmol kg-1) 5 - 7 6  
Extractable P (mg kg-1) 24 - 43 44 - 67 
Cu (mg kg-1) 0.51 - 10.55 1.31 - 3.76 
Zn (mg kg-1) 7.93 - 10.30 11.67 - 14.66 
Mn (mg kg-1) 15.31 - 22.25 15.47 - 18.06 
B (mg kg-1) 0.34 - 0.42 0.37 - 0.40 
S (mg kg-1) 8.5 – 12.0 5.0 - 7.0 
Organic C (%) 2.18 - 2.69 1.83 - 2.30 
   
Samples, to determine PMN, was taken prior to each grazing to a depth of 100 mm, while the 100 
– 200 mm and 200 – 300 mm depth were done on a seasonal basis. Salicylic acid (Cataldo et al. 
1975) and indophenol-blue (Keeney et al. 1982) methods were used to analyse for nitrate and 
ammonium content, respectively. The sum of the nitrate and ammonium contents was the total 
mineral N content. The soil was aerobically incubated at 20°C and at 75% of field water capacity 
for 7 days after which N mineralisation was determined (mg kg-1), also using the salicylic acid and 
indophenol-blue methods. The PMN was presented as stock (kg ha-1). To calculate the stocks, the 
Stellenbosch University  https://scholar.sun.ac.za
 52 
 
soil bulk densities of the respective depths were used. Those were 1280, 1519 and 1542 kg m-3 for 
the 0 – 100 mm, 100 – 200 mm and 200 – 300 mm depths, respectively (Swanepoel et al. 2014a).  
Table 3.5: Soil physical and chemical property ranges of the kikuyu site after nitrogen (N) applications (soil 
samples taken during March 2017) 
 N0 N20 N40 N60 N80 Nvar 
pH(KCl) 5.3 5.4 5.7 5.5 5.6 5.5 
Resistance (Ohm) 583 343 555 295 343 553 
Exchangeable Acidity (cmol kg-1) 0.8 0.8 0.8 0.9 0.9 1.0 
Exchangeable Ca (mg kg-1) 667 796 852 834 800 824 
Exchangeable Mg (mg kg-1) 180 210 219 207 202 212 
Exchangeable Na (mg kg-1) 130 205 141 167 172 157 
Exchangeable K (mg kg-1) 68 130 64 59 56 59 
Cation exchange capacity (cmol kg-1) 6 8 7 7 7 7 
Extractable P (mg kg-1) 68 130 64 59 56 59 
Cu (mg kg-1) 1.08 1.05 1.39 1.29 1.21 1.12 
Zn (mg kg-1) 5.65 6.44 8.11 7.39 6.42 6.59 
Mn (mg kg-1) 7.41 9.79 11.98 10.33 10.74 9.39 
B (mg kg-1) 0.34 0.37 0.41 0.45 0.39 0.35 
S (mg kg-1) 8.2 8.8 10.3 9.7 9.7 7.8 
Organic C (%) 1.91 2.10 2.16 2.14 2.14 1.75 
 
Table 3.6: Soil physical and chemical property ranges of the kikuyu-ryegrass site after nitrogen (N) 
applications (soil samples taken during March 2017) 
 
Urease activity was determined from soil taken at 100 mm depth bimonthly. It was assayed by 
incubating the soil with urea according to the method of Kandeler and Gerber (1988). These 
samples were sent, with a wet weight of approximately 75 g, on the day of sampling to the 
designated laboratory. Enzyme efficiency, as described in Kotzé et al. (2017), was obtained by 
normalising values. Normalised UA was determined by dividing UA (μg NH4-N g
–1 2 h–1) by the 
 N0 N20 N40 N60 N80 Nvar 
pH(KCl) 5.5 5.5 5.2 5.2 4.9 5.4 
Resistance (Ohm) 333 340 358 338 250 305 
Exchangeable Acidity (cmol kg-1) 0.8 1.0 0.9 1.0 1.1 0.8 
Exchangeable Ca (mg kg-1) 757 846 766 844 836 797 
Exchangeable Mg (mg kg-1) 228 248 203 229 216 204 
Exchangeable Na (mg kg-1) 157 169 139 122 137 181 
Exchangeable K (mg kg-1) 148 85 69 45 116 100 
Cation exchange capacity (cmol kg-1) 7 8 7 8 8 7 
Extractable P (mg kg-1) 53 53 31 44 89 44 
Cu (mg kg-1) 2.13 2.22 1.92 2.06 2.12 2.00 
Zn (mg kg-1) 10.72 10.85 9.59 10.80 13.69 9.43 
Mn (mg kg-1) 13.85 15.46 13.37 15.05 18.19 12.81 
B (mg kg-1) 0.47 0.50 0.46 0.46 0.50 0.48 
S (mg kg-1) 8.3 11.5 9.0 7.8 10.4 11.1 
Organic C (%) 2.04 2.30 2.18 2.28 2.16 2.07 
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total mineral N (mg kg-1) to express the microbial activity per milligram soil N of normalised values 
(μg NH4-N g
-1 N 2h-1). 
Soil organic carbon was determined through dichromateous digestion utilising the Walkley-Black 
method (Nelson and Sommers 1982) on samples collected at 100 mm increments to a depth of 
300 mm. Ammonium-N was also determined by the Kjeldahl method.  
Leco-N content of soil, also referred to as total N in other studies, was determined prior to each 
grazing at the 0 - 100 mm depth, while 100 - 200 mm and 200 - 300 mm depths were analysed on 
a seasonal basis through total combustion using a Leco Truspec® CN N analyser (Wright and 
Bailey 2001). The carbon to N (C:N) ratio of samples were calculated by dividing the Leco-N by the 
soil organic carbon. 
The sample wet weights of PMN and Leco-N were aimed to be approximately 600 g when put into 
marked paper bags. Both the Leco-N content and PMN samples were weighed on a wet basis and 
placed in the oven at 40°C for approximately 3 days to be dried. The gravimetric soil water content 
was determined prior to each grazing. The gravimetric soil water content ranged between 29.6 and 
10.1% in the pure kikuyu site, and between 24.1 and 8.4% in the kikuyu-ryegrass pasture in the 
various depths. It could also be seen that in the 0 – 100 mm depths, the gravimetric soil water 
content was generally lower than in the 200 – 300 mm depth (Table 3.7).  After drying of the soil 
samples, it was sieved (2 mm) and stored at room temperature until it could be sent to the specific 
laboratories.   
3.2.5 Statistical analyses 
The differences between treatments were tested by using the Restricted Maximum Likelihood 
(REML) method. In order to take the repeated measures into account, the fixed effects were 
specified as treatment, time (grazing cycle or season) and their interaction. Block was specified as 
a random effect. The means were separated using Fishers’ Protected Least Significant Difference 
(LSD) test at a 5% significance level (Glass et al. 1972; Snedecor and Cochran 1980). Data was 
analysed by the STATISTICA version 13.2 (TIBCO Software 2017).  
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Table 3.7: The average gravimetric soil water content (%) during each sampling for depths 1, 2 and 3 in the 
pure kikuyu and kikuyu over-sown with annual ryegrass pasture 
 Pure kikuyu Kikuyu annual ryegrass 
 1 2 3 1 2 3 
16 May 2016 27.1 19.0 16.5 19.5 13.4 9.7 
21 Jun 2016 25.1 17.2 14.9 21.5 15.1 11.3 
28 Jul 2016 22.5 17.8 14.3 22.5 14.8 11.5 
29 Aug 2016 20.7 14.4 13.0 19.3 13.3 10.8 
28 Sep 2016 24.2 16.3 14.6 20.9 14.5 11.9 
07 Nov 2016 15.0 11.6 10.1 13.9 10.1 8.4 
05 Dec 2016 16.0 11.6 12.8 10.7 10.5 8.5 
04 Jan 2017 19.1 14.6 11.8 21.9 12.9 10.6 
06 Feb 2017 23.2 16.7 14.3 20.5 13.7 11.1 
17 Jul 2017 18.5 13.5 12.5 18.3 13.9 11.3 
10 Apr 2017  21.4 14.4 12.4 * * * 
08 May 2017  22.8 16.5 13.8 18.4 14.9 11.7 
12 Jun 2017 29.6 * * 20.8 * * 
17 Jul 2017 24.7 17.1 14.4 24.1 16.6 13.1 
21 Aug 2017 24.2 * * 22.8 * * 
18 Sept 2017 24.6 * * 23.1 * * 
24 Oct 2017 18.1 13.0 11.5 14.1 10.9 9.8 
20 Nov 2017 21.1 * * 19.7 * * 
20 Des 2017 20.4 * * 21.4 * * 
22 Jan 2018 22.9 16.9 14.9 21.4 16.6 13.7 
19 Feb 2018 20.6 * * 20.7 * * 
* sampling did not take place on the specific dates or depths. 
1 = 0 – 100 mm depth 
2 = 100 – 200 mm depth 
3 = 200 – 300 mm depth 
3.3 Results and Discussion  
3.3.1 Kikuyu pasture site 
3.3.1.1 Total mineral nitrogen, nitrate and potential mineralisable nitrogen 
The response in terms of total mineral N to treatments varied (P≤0.05) at the 0 – 100 mm depth in 
all grazing cycles (Table 3.8). The response of total mineral N to treatment in the various grazing 
cycles can be found in Figure 3.2. During all grazing cycles, N0, N20, N40 and Nvar had similar 
(P>0.05) total mineral N content when compared within a specific grazing cycle. Treatment N60 
and N80 did not follow the same trend. During July and December 2016, and March and July 2017, 
treatment N80 was higher (P≤0.05) in total mineral N compared to N0. Treatment N60 was higher 
(P≤0.05) in total mineral N compared to N0 during December 2016, March and July 2017. The 
increased total mineral N content in treatment N80 and in some instances N60, may indicate that 
there is a build-up of total mineral N due to the plant’s inability to use all the available mineral N. It 
is therefore necessary to also look at the total mineral N content of the soil in deeper depths, as 
this can give an indication of whether N is used by plants or lost via leaching.  
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In Table 3.8 and Figure 3.3, it is evident that the response of total mineral N in the 100 – 200 mm 
depth also varied (P≤0.05) across grazing cycles and treatments. The soil mineral content was 
similar (P>0.05) for all treatments within and across grazing cycles up until December 2016. During 
December 2016, however, treatments N80 and N60 had a higher (P≤0.05) total mineral N 
compared to treatments N0, N20, N40 and Nvar. This indicates that the pasture produced during 
November 2016 could not use the total amount of available mineral N in the 0 – 200 mm layer, 
which likely resulted in a build-up of N in the soil that would have been vulnerable to N leaching. 
Table 3.8: ANOVA of the kikuyu site regarding the potential mineralisable nitrogen (PMN) at three soil depths 
(Num DF=Numerator degrees of freedom, Den. DF= Denominator degrees of freedom) 
 
 
Num. DF 
 
Den. DF 
 
F 
 
P-value 
 
Total Mineral N 1 (0 – 100 mm)     
 Treatment 
 
5 18 7.43 0.001 
 Grazing cycle 
 
12 211 2.04 0.023 
 Treatment* Grazing cycle 
 
60 211 1.71 0.003 
Total Mineral N (100 – 200 mm)      
 Treatment 
 
5 18 2.02 0.124 
 Grazing cycle 
 
5 89 0.63 0.678 
 Treatment* Grazing cycle 
 
25 89 2.42 0.001 
Total Mineral N (200 – 300 mm)     
 Treatment 
 
5 18 1.82 0.159 
 Grazing cycle 
 
5 90 21.52 <0.001 
 Treatment* Grazing cycle 
 
25 90 1.17 0.288 
PMN 2 (0 – 100 mm)     
 Treatment 
 
5 18 0.43 0.823 
 Grazing cycle 
 
9 157 6.04 <0.001 
 Treatment* Grazing cycle 
 
45 157 0.81 0.794 
PMN (100 – 200 mm)3     
 Treatment 
 
5 18 1.18 0.357 
 Grazing cycle 
 
5 89 4.19 0.002 
 Treatment* Grazing cycle 
 
25 89 1.32 0.174 
PMN (200 – 300 mm)3     
 Treatment 
 
5 18 1.00 0.445 
 Grazing cycle 
 
5 90 1.00 0.421 
 Treatment* Grazing cycle 
 
25 90 1.00 0.475 
1 
Total mineral N measured in mg kg
-1
 
() Indicates depth of sampling in soil 
* Interaction between main effects 
2 
Potential mineralisable N measured in kg ha
-1
 grazing cycle
-1 
3 
Potential mineralisable N measured in kg ha
-1
 week
1
 
At a depth of 200 – 300 mm, there were no treatment effects (P>0.05) (Table 3.8). During July 
2016 however, the total mineral N in the 200 – 300 mm depth was higher (P≤0.05) compared to 
the other grazing cycles (Figure 3.4). It might be due high rainfall in June, which could have 
resulted in a high total mineral N in that depth during July. It can therefore be argued that under a 
pure kikuyu pasture, at this depth, either most of the mineral N is used successfully by the pasture 
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plants, or that leaching had already occurred. The mean mineral N is 14.9 mg kg-1 (Figure 3.4). 
Total mineral N, comprising of ammonium and nitrate, represents the amount of mineral N that is 
available to be utilised by the plants. These two components of total mineral N are at risk of being 
lost to the environment either through leaching, denitrification and volatilisation if not utilised by 
plants. Fertilisation should therefore not lead to a build-up of mineral N. 
Zhang et al. (2012) reported increased mineral N in a study based on a grassland fertilised with 0, 
20, 40, 60, 80, 160 kg N ha-1 year-1 and found significant differences between all treatments. Hatch 
et al. (2000) found an increase in the soil mineral N when rates of 200 kg N ha-1 yr-1 were applied, 
although, the applications were not split equally through the year. Ruz-Jerez et al. (1994) found an 
increase in soil nitrate from no fertilisation compared to a fertilisation rate of 400 kg N ha-1 yr-1 on a 
ryegrass-clover pasture. Even though the current study was on a pure kikuyu pasture, the results 
are comparable to that of Ruz-Jerez et al. (1994). 
Figure 3.5 shows the average nitrate concentration in the soil water on the kikuyu site, at both the 
150 and 300 mm depths. The nitrate concentration was always higher than the 50 mg nitrate L-1 
limit as determined by the European Union (EU) Nitrates Directive (EEC 1991) or the 5 mg L-1 of 
nitrate-N advisable for drinking water in South Africa (DWAF 1996). The nitrate concentration was 
higher than the aforementioned standards, even during grazing cycles where no N was applied. In 
a study conducted by Fessehazion et al. (2011) on Cedara in KwaZulu-Natal where WFD’s were 
utilised on a kikuyu and ryegrass pasture, the authors were able to reduce N input without 
compromising pasture herbage production based on maintaining a soil nitrate concentration of 50 
mg nitrate L-1. However, this strategy was not successful in the current study, since the nitrate 
concentration remained higher than the recommended concentration of 50 mg L-1 throughout the 
study period. A possible reason for the discrepancy in results between this study and that of 
Fessehazion et al. (2011) might be due to the difference in soil type. The Cedara soil type was a 
deep (1 m) red, kaolinitic Hutton soil type, while the current study site is characterised by a much 
shallower (<1 m), sandy loam soil, witfontein soil type. This may also be why the floats were not 
often latched (and only intermittent soil water collected), as it has been noted that the WFD does 
not register slow draining rates (Fessehazion et al. 2011). For the 300 mm depth WFD, nitrate 
concentrations of above 75 mg nitrate L-1 were recorded which, since most of the root 
accumulation is limited to this depth, can be assumed to be vulnerable to leaching (Fessehazion et 
al. 2012). To make the use of WFD plausible, by getting more readings, irrigation should be 
adjusted. This however is not a viable option. In addition, preventing grazing cows from damaging 
the WFD might be daunting. On the current study, wired cages (steal frame with wire) around the 
WFD were in some instances not enough to keep curious cows away. It is not ideal to often 
replace a WFD in a pasture system. It causes soil disturbance in minimum-tillage system which will 
not yield accurate nitrate concentration results. 
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Figure 3.2: Total mineral N (mg kg
-1
) on the day of sampling at the 0 - 100 mm soil depth on the kikuyu site, affected by treatments N0, N20, N40, N60, N80 = 0, 20, 
40, 60, 80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, indicates significant 
difference at 5% level 
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Figure 3.3: Total mineral N (mg kg
-1
) on day of sampling at the 100 – 200 mm depth, in the kikuyu site, affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 
60, 80 kg N ha
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate standard error. No common letter above bars 
indicates significant difference at 5% level 
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Figure 3.4: Total mineral N (mg kg
-1
) on day of sampling at the 200 – 300 mm depth in the kikuyu site, affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 
60, 80 kg N ha
-1
 grazing cycle
-1 
and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate standard error. No common letter 
above bars indicates significant difference at 5% level 
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Figure 3.5: Average nitrate concentration (mg nitrate L
-1
) in soil water collected from wetting front detectors 
(WFD) for the duration of the trial on the kikuyu site. WFD were used in Nvar plots only, and installed at 150 
mm and 300 mm depth in the soil 
In Table 3.8, the N treatments did not affect the PMN (P>0.05) between grazing cycles in the 0 – 
100 mm depth. For this reason, in Figure 3.6, the results of treatments are combined to illustrate 
the effect of grazing cycles. The lowest potential to mineralise N in the soil was recorded in July 
2016 and March 2017 (P≤0.05) with April 2017 similarly low to July and March (P>0.05). In the 100 
– 200 and 200 – 300 mm depths, regarding PMN, there were no interaction (P>0.05) between 
treatments and grazing cycles (Table 3.8) (data not shown).  
The results from current study were irregular through time, so it was not possible to identify clear 
seasonal trends for the occurrence of the highest PMN. In Australia, it was found that on a 
seasonal basis PMN was highest during winter months, with the highest PMN values apparent at 
the high N rate during winter (Pembleton et al. 2013). In the current study, even though PMN 
values similar to the highest value were recorded in June 2016, August 2016 and July 2017 
(grazing cycles within winter), a PMN value similar to the lowest was also recorded during July 
2016 (winter). In a wheat production system, higher PMN was also observed during winter at 
sowing, compared to summer at harvest and it was concluded that PMN was negatively correlated 
(r = -0.19) with soil temperature (Cookson et al. 2006). The authors also found that PMN was 
positively correlated (r = 0.17) with soil moisture during the study. These findings were in contrast 
to those of a study on grassland in China, where a positive correlation of PMN to both soil 
temperature (r = 0.46) and precipitation (r = 0.5) was found in the 0 – 100 mm soil depth (Zhang et 
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al. 2012). A laboratory study reported that mineralisation rates in China were influenced by 
incubation temperature, but only at higher temperatures of 15 to 35°C, compared to lower 
temperatures of -10 to 5°C (Wang et al. 2006). Another study under controlled conditions 
confirmed that mineralisation rates increased when temperature increased from 25 to 35°C 
(Guntiñas et al. 2012). They also found that mineralisation rates were higher at higher moisture 
levels.  Dessureault-Rompré et al. (2010), however, found a negative correlation between PMN 
and annual precipitation. Results in terms of the impact of temperature and soil moisture on PMN 
thus varied substantially between studies found in the literature.  
 
Figure 3.6: Average potential mineralisable nitrogen (PMN) (kg N ha
-1
 grazing cycle
-1
), averaged over all 
treatments, at the 0 – 100 mm depth on the kikuyu site of as affected by grazing cycle. Error bars indicate 
standard error. No common letter above data points indicates significant difference at 5% level. The average 
monthly temperatures (°C) are also displayed  
The average PMN for the current study was 18.8, 21.3, 18.8, 16.7, 16.0 and 21.7 mg kg-1 week-1 
for treatments N0, N20, N40, N60, N80 and Nvar, respectively. The PMN values of a study in the 
southern Cape region was in the range of -18.2 to 44.4 mg N kg−1 week−1 while the mean was 
10.64 mg N kg−1 week−1 when approximately 32.0 kg N ha-1 after every grazing was applied 
(Swanepoel et al. 2014c). The results of the current study are therefore slightly higher compared to 
that of Swanepoel et al. (2014c). 
Pasture receiving fertiliser, had higher mineralisation rates compared to unfertilised pasture (Hatch 
et al. 2000). Linear responses of N mineralisation rates were found up to fertilisation rates of 80 kg 
ha-1 year-1 and reported that rates in excess of this may lead to soils that are N saturated (Zhang et 
al. 2012). The results of the current study contradict what is found in the aforementioned studies. 
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Since treatment did not have an effect on the PMN of the soil, this is also an indication of N build-
up in the soil. The conclusion is that the kikuyu pasture is likely to be N saturated and that N 
fertiliser application of more than 40 kg N ha-1 grazing cycle-1 will result in potential leaching losses.  
3.3.1.2 Carbon to nitrogen ratio 
There was no response (P>0.05) to treatments in terms of C:N ratio within the grazing cycles in the 
0 – 100 mm depth (Table 3.9). Although treatments did not have an effect (P>0.05), the grazing 
cycle affected the C:N ratio (P≤0.05), with the highest ratio occurring during May 2016 followed by 
June 2016 (P≤0.05) and the lowest (P≤0.05) ratio during July 2016 (Figure 3.7). The baseline C:N 
values were 23.2 before treatments were applied and then decreased to a ratio of 9.67 in July 
2016, and remained below a ratio of 15 throughout the study.  
Table 3.9: ANOVA table of the kikuyu site regarding carbon:nitrogen (C:N) ratio in the various depths (Num 
DF = Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
 
 
Num. DF 
 
Den. DF 
 
F 
 
P-value 
 
C:N ratio (0 – 100 mm)     
 Treatment 
 
5 18 0.45 0.809 
 Grazing cycle 
 
7 126 181.63 <0.001 
 Treatment* Grazing cycle 
 
35 126 0.69 0.900 
C:N (100 – 200 mm)      
 Treatment 
 
5 18 1.46 0.250 
 Grazing cycle 
 
2 36 142.41 <0.001 
 Treatment* Grazing cycle 
 
10 36 0.88 0.563 
C:N (200 – 300 mm)     
 Treatment 
 
5 18 0.79 0.571 
 Grazing cycle 
 
2 35 5.21 0.010 
 Treatment* Grazing cycle 
 
10 35 0.81 0.617 
() Indicates depth 
* Interaction between main effects 
 
As the C content of a soil increase, so does the ability of the soil to store N. However, this trend 
only occurs up to a certain point, referred to as the steady state, which is dependent on the soil 
mineralogy, climate and management (Schipper et al. 2004; Dolan et al. 2006). As the soil reaches 
a steady state of C and is no longer able to store additional N in immobilised forms, a greater 
degree of N leaching and emissions can be expected (Schipper et al. 2004). The optimal C:N ratio 
for pasture soil is 8 – 12. This was confirmed by Tainton (2000) who stated that well managed 
pasture soil has a C:N ratio of 10. A very high ratio (>40) can be viewed as indicative of a N 
deficiency in the system, while a very low ratio (<5) could indicate a risk of low environmental 
quality resulting from leaching (Sparling et al. 2008). According to these standards, pasture in the 
current study may still be able to store additional N. In a study based on the global soil database, 
Podzols soil (0 – 300 mm depth) are reported to have an average of C:N ratio of 23.8 (Batjes 
1996). The values reported in this study are well below this value.  
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Figure 3.7: Average carbon to nitrogen (C:N) ratio at the 0 – 100 mm depth on the kikuyu site as affected by 
grazing cycle and averaged over all treatments. Error bars indicate standard error. No common letter above 
bars indicates significant difference at 5% level 
 
Miles (1997) found that a productive kikuyu pasture, fertilised with 250 – 350 kg N ha-1 year-1, had 
a C:N ratio of 11.7, while unproductive kikuyu sites, not fertilised with N for five years of longer had 
a C:N ratio of 12.2 and 12.3. Similarly, Swanepoel et al. (2014b) reported C:N values of 11.1 in 
kikuyu-ryegrass pastures in the southern Cape fertilised with approximately 350 kg N ha-1 yr-1. The 
C:N ratio in the current study were higher compared to the aforementioned studies. 
Different substrates have different C:N ratios and may thus impact the C:N ratio differently when 
applied to a pasture. Substrates with a high C:N ratio are viewed to be of low quality, while a low 
C:N ratio substrate is viewed as high quality (Hart et al. 1994). Fresh dung in a study conducted in 
England had a C:N ratio of 13.1 (Hatch et al. 2000). This explains why the C:N ratio was found to 
be lower under grazing compared to hay producing conditions (Franzluebbers et al. 2000). This is 
likely due to nutrient return from grazing animals through excreta, while haying also removes the 
litter and thus nutrients which could have potentially decomposed. 
A 50-year fertilisation study on corn in the United States of America, showed a loss of soil organic 
C, therefore a strategy was proposed to fertilise according to the soil tests rather than yield based, 
so as to prevent excessive N from accumulating in the soil and reduce oxidation of soil organic 
carbon by microbes (Khan et al. 2007). In a study over 12 years with the grazing of tall fescue, the 
C:N ratio in the 150 mm depth also decreased from 16.9 at the beginning of the trial to 15.1 after 
five years and to 9.4 after 12 years (Franzluebbers and Stuedemann 2009). This might have been 
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due to loss of C or an increase in N. It is therefore important to find the optimal N fertilisation rate in 
order to prevent the loss of carbon through over fertilisation with N.  
3.3.1.3 Urease activity 
Grazing cycle and treatment did not show an interaction (P>0.05), but grazing cycle affected the 
UA (P≤0.05) (Table 3.10). There was a decrease (P≤0.05) in all treatments in terms of UA from 
July 2016 to July 2017, with the exception of Nvar (Figure 3.8). Within this period, treatment N80 
declined the most; showing a consistent decrease (P≤0.05) with each sampling date until 
December 2016 (P≤0.05). Thereafter, treatment N80 increased (P≤0.05) from December 2016 to 
February 2017 and then stabilising (P>0.05) until July 2017. In the same location, UA was found to 
be 538 μg NH4-N g
–1 2 h–1 in the 0 - 100 mm depth (Swanepoel et al. 2014b), which is much higher 
than the current study’s average of 253 μg NH4-N g
–1 2 h–1.  
Table 3.10: ANOVA of the kikuyu site regarding urease activity in the 0 – 100 mm depth (Num DF = 
Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
  
Num. DF 
 
Den. DF 
 
F 
 
P-value 
 
Urease activity1 
  
  
 
Treatment 
 
5 15 0.48 0.787 
 
Grazing cycle 
 
5 90 14.01 <0.001 
 Treatment* Grazing cycle 
 
25 90 1.01 0.459 
Urease activity (normalised)2 
  
  
 
Treatment 
 
3 49 9.66 <0.001 
 
Grazing cycle 
 
5 18 4.56 0.007 
 Treatment* Grazing cycle 
 
15 49 3.43 0.001 
1 
measured in μg NH4-N g
-1
 2h
-1 
2
 measured in μg NH4-N g
-1
 N 2h
-1 
() Interaction between main effect
 
 
In the Chilean andisols, UA increased as temperature increased (Cartes et al. 2009). A review of 
UA, presented information that increased activity is observed at increasing temperatures, 
increased soil moisture and lower C:N ratio (Adetunji et al. 2017).  
A greenhouse study in China found that UA were similar in the unfertilised (control) and 
inorganically fertilised plots, with both lower than, when compared to, composted (varied from plant 
residues to pig manure) fertilised plots. The authors reported that this was due to the presence of 
inorganic N forms, it was not to essential synthesise urease (Chang et al. 2007). Several other 
studies found similar results. For example, in a maize and beans rotation study, there was no 
difference in UA due to urea application treatments (Roscoe et al. 2000). In another study, UA was 
increased with the application of slurry from cattle fed either perennial ryegrass or maize silage 
(Bol et al. 2003). The findings in the current study, where N fertilisation rates did not affect urease 
activity, are thus similar to previous studies. 
Stellenbosch University  https://scholar.sun.ac.za
 65 
 
Urease activity in clay grassland soil in South Africa under rotational grazing had the highest UA 
(115 μg NH4-N g
-1 soil 2 h-1) under poor grazing conditions and the lowest UA (30 μg NH4-N g
-1 soil 
2 h-1) under good grazing conditions (Kotzé et al. 2017). However, UA in grassland soil might not 
be the same as in pasture soil that is intensively managed for good quality pasture. A study 
conducted in the same region as the current study found that UA was higher in soils under 
cultivated pasture than in virgin soil in the 0 – 100 mm, 100 – 200 mm and 200 – 300 mm depths 
(Swanepoel et al. 2014b). The authors also found strong correlation (r = 0.95) between total N and 
urease. For this reason the UA results of the current study was normalised with total mineral soil N. 
When the UA activity data were normalised with total mineral N, different results were found 
compared to UA data that were not normalised. The response of treatments normalised UA was 
different (P≤0.05) in the various grazing cycles as found in the ANOVA Table 3.10. There is a 
general trend that N80 and N60 had a lower normalised UA, however this was not always 
significant (P>0.05) (Figure 3.9). This supports the postulation that the urease enzyme is 
redundant in the presence of mineral forms of N. This is similar to multiple authors that have 
reported a higher UA in control treatments (no amendments) (Saha et al. 2008) or when high 
amounts of organic material have been added to the soil (Pascual et al. 1999; Zaman et al. 2002) 
compared to chemically fertilised plots (Liu et al. 2010). 
 
Figure 3.8: Urease activity (μg NH4-N g
-1
 2h
-1
) at the 0 - 100 mm soil depth on the kikuyu site approximately 
every second grazing cycle affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
; Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No common letter 
above bars, indicates significant difference at 5% level 
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Figure 3.9: Normalised Urease Activity (μg NH4-N g
-1
 N 2h
-1
) in the 0 - 100 mm soil depth on the kikuyu site 
approximately every second grazing cycle as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 
80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No 
common letter above bars, indicates significant difference at 5% level 
3.3.1.4 Soil Leco-N and Kjeldahl-N 
No interaction (P>0.05) between treatment and grazing cycle was found to influence the Kjeldahl-N 
in the 0 – 100 mm depth (Table 3.11). Kjeldahl-N was however affected by grazing cycle (P≤0.05), 
with August and September 2016 having a higher (P≤0.05) Kjeldahl-N compared to the other 
months (Figure 3.14). Therefore, with the exception of September, Kjeldahl N was higher (P≤0.05) 
in spring months than during winter, summer and autumn. This is similar to what was seen in the 
Leco-N at this 0 – 100 mm depth. Only grazing cycle influenced (P≤0.05) the Leco-N, not the N 
treatments (P>0.05; Table 3.12). 
A site that was comprised of kikuyu for more than 50 years was sampled and a Kjeldahl-N content 
of 0.8% was obtained (Matlou and Haynes 2006). This is higher than the 0.22% maximum for the 
current study site. Swanepoel et al. (2014c) found Kjeldahl-N in the southern Cape region to be an 
average of 0.34% for kikuyu and ryegrass pastures which is also higher than that was found in the 
current study. Franzluebbers and Stuedemann (2009) indicated total soil N was higher in grazed 
pastures compared to pasture not grazed. There is limited information available in literature on 
total soil N analysed with Leco method on pasture fertilisation. Total soil N work in literature using 
Leco method is mostly based on wheat (Cookson et al. 2006; Sharifi et al. 2007) and it is thus 
difficult to determine whether the mean Leco-N value of 0.15% found in the current study was low, 
average or high for pasture soils. 
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Table 3.11: ANOVA table of kikuyu site regarding Kjeldahl-Nitrogen (N) in the various depths (Num DF = 
Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
 Num. DF 
 
Den. DF F 
 
P-value 
 
Kjeldahl-N (0 – 100 mm)1     
 
Treatment 
 
5 18 1.40 0.269 
 
Grazing cycle 
 
8 144 11.87 <0.001 
 
 Treatment*grazing cycle 
 
40 144 1.06 0.393 
Kjeldahl-N (100 – 200 mm)     
 
Treatment 
 
5 18 1.08 0.404 
 
Grazing cycle 
 
8 144 4.65 <0.001 
 
 Treatment*grazing cycle 
 
40 144 0.80 0.794 
Kjeldahl-N (200 – 300 mm)     
 
Treatment 
 
5 18 0.52 0.760 
 
Grazing cycle 
 
8 144 8.59 <0.001 
  Treatment*grazing cycle 40 144 0.72 0.867 
1
 measured as % 
() indicates depth 
*Interaction between main effects 
Table 3.12: ANOVA table of the kikuyu site regarding Leco-Nitrogen (N) in the various depths (Num DF = 
Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
 Num. DF 
 
Den. DF F 
 
P-value 
 
Leco-N (0 – 100 mm)1      
 
Treatment 
 
5 18 2.52 0.067 
 
Grazing cycle 
 
12 216 114.26 <0.001 
 
Treatment*grazing cycle 
 
60 216 0.86 0.748 
Leco-N (0 – 100 mm)      
 
Treatment 
 
5 18 2.07 0.133 
 
Season 
 
3 54 121.56 <0.001 
 
Treatment*Season 
 
15 54 0.99 0.179 
Leco-N (100 – 200 mm)     
 
Treatment 
 
5 18 1.96 0.133 
 
Season 
 
3 54 87.70 <0.001 
 
Treatment*Season 
 
15 54 1.41 0.179 
Leco-N (200 – 300 mm)     
 
Treatment 
 
5 18 1.41 0.268 
 
Season 
 
3 54 31.74 <0.001 
 
Treatment*Season 
 
15 54 0.84 0.627 
1
 measured as % 
() indicates depth 
*Interaction between main effects 
Results of year one showed a substantial increase in the Leco-N (total soil N) from June to July 
2016, reaching a high in July (P≤0.05). During July treatment N40 had a higher Leco-N than all the 
other treatments (P≤0.05) (data not shown). A gradual decrease with months from July 2016 to 
February 2017 is observed (Figure 3.10).  
Seasonal data regarding Leco-N at all depths, 0 – 100, 100 – 200, and 200 – 300 mm, showed that 
only Leco-N was affected (P≤0.05) by season and not by fertiliser treatments (Table 3.12). In the 0 
– 100 mm depth, a decrease was observed from winter to spring (P≤0.05), spring to summer 
(P≤0.05) with summer and autumn being similar (P>0.05) (Figure 3.11). In the 100 – 200 mm 
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depth, Leco-N decreased (P≤0.05) from winter to summer and then remained similar (P>0.05) to 
autumn. During winter treatment N40, N60 and N80 had a higher Leco-N compared to N20 and 
Nvar (P≤0.05) (Figure 3.12). In spring treatment N40 had a Leco-N compared to N0 and Nvar 
(P≤0.05). There were no treatment differences in summer and autumn (P>0.05). Leco-N in the 200 
– 300 mm depth remained constant (P>0.05) from winter to spring while the Leco-N decreased 
from spring to summer (P≤0.05) (Figure 3.13). During winter N40, N60 and N80 was higher in 
Leco-N compared to Nvar (P≤0.05). It might be that during spring and summer, more N is being 
removed from this deeper layer due to pasture growth. From summer to autumn there is an 
increase in the Leco-N the 200 – 300 mm depth (P≤0.05) which might be due to less N being 
removed from this layer of soil. 
 
 
Figure 3.10: Average Leco nitrogen (N) (%) at the 0 – 100 mm depth on the kikuyu site, when averaged over 
all treatments. Error bars indicate standard error. No common letter above data points indicates significant 
difference at 5% level 
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Figure 3.11: Leco nitrogen (N) (%) at the 0 – 100 mm depth in seasons of year one (1) on the kikuyu site, 
affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable 
nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, indicates significant 
difference at 5% level 
 
Figure 3.12: Leco nitrogen (N) (%) at the 100 – 200 mm depth in seasons of year one (1) on the kikuyu site, 
affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable 
nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, indicates significant 
difference at 5% level 
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Figure 3.13: Leco nitrogen (N) (%) at the 200 – 300 mm depth in seasons of year one (1) on the kikuyu site, 
affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable 
nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, indicates significant 
difference at 5% level 
Kjeldahl N in the deeper depths of 100 – 200 and 200 – 300 mm was similar to what was found in 
the 0 – 100 mm soil depth. There were no interaction (P>0.05) between treatment and grazing 
cycle, but grazing cycle did influence (P≤0.05) the Kjeldahl-N in the two deeper depths (Table 
3.11). The deeper depths did not, however, follow similar patterns to the 0 – 100 mm in terms of 
Kjeldahl-N. At the 100 – 200 mm depth, the lowest (P≤0.05) Kjeldahl-N was found during 
December 2016, with June and July 2016, and January and March 2017 being similar (P>0.05) to 
the lowest (Figure 3.15). In the 200 – 300 mm depth, Kjeldahl-N was almost equivalent to one 
another during all grazing cycles, except during August 2016 which was higher (P≤0.05) than the 
rest (Figure 3.16). The higher Kjeldahl-N in August may be due to two major rainfall events during 
the previous month (data not shown), which washed the N to deeper depths than to where it would 
have flowed had there been an even distribution of rain throughout the month.  
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Figure 3.14: Average Kjeldahl soil nitrogen (N) (%) at the 0 - 100 mm depth on the kikuyu site, when 
averaged over treatments. Error bars indicate standard error. No common letter above data points, indicates 
significant difference at 5% level 
 
Figure 3.15: Average Kjeldahl soil nitrogen (N) (%) at the 100 - 200 mm depth on the kikuyu site, when 
averaged over treatments. Error bars indicate standard error. No common letter above data points, indicates 
significant difference at 5% level 
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Figure 3.16: Average Kjeldahl soil nitrogen (N) (%) at the 200 – 300 mm depth on the kikuyu site, when 
averaged over treatments. Error bars indicate standard error. No common letter above data points, indicates 
significant difference at 5% level 
3.3.2 Kikuyu-ryegrass pasture site 
3.3.2.1 Total mineral nitrogen, nitrate and potential mineralisable nitrogen 
The response of total mineral N in the 0 – 100 mm depth to treatment varied (P≤0.05) in different 
grazing cycles (Table 3.13). Treatment Nvar (15.1 mg kg-1 ± 0.7) and N0 (15.5 mg kg-1 ± 0.6) was 
similar (P>0.05) in soil mineral content, when averaged over grazing cycles (Figure 3.17).  
Treatments N20 and N40 had similar (P>0.05) total mineral N compared to N0 and Nvar in all 
grazing cycles, except December 2016. During December 2016, N20 and N40 had a higher 
(P≤0.05) total mineral N content compared to N0 and Nvar. The reason behind this might be that N 
accumulated since there was little rainfall during these cycles (Figure 3.1), resulting in N not being 
leached into deeper soil depths. Another reason might be due to the plants not using the amount of 
N available in the previous grazing cycle (November 2016 to December 2016). Both treatments 
N60 and N80 showed an increase in total inorganic N from May to November 2016 (P≤0.05). 
Treatment N80 then maintained a similar (P>0.05) N content from December to March 2016, after 
which it decreased (P≤0.05) to a lower value during May and June 2017. Treatment N60 
decreased (P≤0.05) from December 2016 to January 2017, but remained similar (P>0.05) until July 
2017. During the grazing cycles where the temperature was getting lower and rainfall was high 
(April to August 2017), compared to the same period in 2016, it is possible to assume that 
treatment N60 and N80 resulted in nitrate being leached into the soil water. This might be why 
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August and to some extent July 2017. During March 2017, the kikuyu-ryegrass site was over-sown 
with no N application and therefore also slow pasture growth within the establishment period. This 
might contribute to low mineral N found in May 2017 and also low use of N by young ryegrass 
seedlings leaving the soil vulnerable to N losses. 
From the data relating to total mineral N in the soil, it can be deduced that treatments N60 and N80 
were not environmentally sustainable. These high N application rates resulted in high mineral N, 
which if present in the nitrate form, are able to leach into the deeper soil profile and eventually into 
the soil water. Although the majority of roots are present in the 0 –100 mm depth, the potential 
does exist that some of this mineral N would be utilised at deeper soil depths.  
Table 3.13: ANOVA of kikuyu-ryegrass site regarding potential mineralisable nitrogen (PMN) in the various 
depths (Num DF = Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
 
 
Num. DF 
 
Den. DF 
 
F 
 
P-value 
 
Total Mineral N 1 (0 – 100 mm)     
 Treatment 
 
5 18 8.67 <0.001 
 Grazing cycle 
 
12 212 3.88 <0.001 
 Treatment* Grazing cycle 
 
60 212 2.30 <0.001 
Total Mineral N (100 – 200 mm)      
 Treatment 
 
5 18 12.48 <0.001 
 Grazing cycle 
 
6 108 3.02 0.009 
 Treatment* Grazing cycle 
 
30 108 1.71 0.024 
Total Mineral N (200 – 300 mm)     
 Treatment 
 
5 18 16.80 <0.001 
 Grazing cycle 
 
6 108 3.22 0.006 
 Treatment* Grazing cycle 
 
30 108 1.57 0.049 
PMN 2 (0 – 100 mm)     
 Treatment 
 
5 18 0.42 0.832 
 Grazing cycle 
 
8 144 8.10 <0.001 
 Treatment* Grazing cycle 
 
40 144 0.76 0.841 
PMN (100 – 200 mm)     
 Treatment 
 
5 18 0.38 0.855 
 Grazing cycle 
 
6 108 4.39 0.001 
 Treatment* Grazing cycle 
 
30 108 0.63 0.928 
PMN (200 – 300 mm)     
 Treatment 
 
5 18 1.24 0.333 
 Grazing cycle 
 
6 108 4.99 <0.001 
 Treatment* Grazing cycle 
 
30 108 0.68 0.886 
1 
Total mineral N measured in mg kg
-1
 
() Indicates depth 
* Interaction between main effects 
2 
PMN measured in kg ha
-1
 grazing cycle
-1 
The response of mineral N varied (P≤0.05) among treatments and grazing cycles in the 100 – 200 
mm depth (Table 3.13). The effects of treatments N0, N20, N40 and Nvar on total mineral N 
remained similar (P>0.05) from May 2016 to February 2017, with the exception of N40 during 
September 2016 and N20 during December 2016 (Figure 3.18). Compared with the baseline in 
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May 2016, treatment N60 and N80 again displayed increased (P≤0.05) total mineral N content as 
the study continued. This is a sign of a build-up of mineral N not being utilised by the pasture 
plants, even in the deeper soil layers.  
Total mineral N in the 200 – 300 mm depth varied (P≤0.05) with treatments according to grazing 
cycle (Table 3.13). Treatment N60 and N80 had a higher (P≤0.05) total mineral N during 
September, November, December 2016 and February 2017 compared to May 2016. Treatments 
N0, N20, N40 and Nvar remained similar (P>0.05) throughout the grazing cycle compared to the 
total mineral N content observed during May, indicating that at these rates mineral N was not 
accumulating in the deeper layers and that leaching was likely limited. In this depth, it was N60 
which had the highest (P≤0.05) mineral N and not N80 as in the shallower depths. One might 
argue that the higher N application rate allows for higher possibility of leaching, and that leaching 
already occurred in the N80 treatment. However, irrespective of this trend, based on the relatively 
high mineral N content in the deeper soil layers (where N is relatively unavailable to shallow rooted 
pasture species) of the N60 and N80 treatments, these high rates of fertilisation would not be 
recommended. 
As discussed in a previous section (Kikuyu, 3.3.1.1 ), the WFD did not work as well as in a study 
conducted by Fessehazion et al. (2011) on Cedara. In the current study, even with no applied N, 
the nitrate concentration of the 300 mm depth WFD was higher than the recommended allowable 
nitrate concentration of 50 mg L-1 (EEC 1991) in soil water or 5 mg L-1 nitrate-N (DWAF 1996) in 
drinking water (Figure 3.20). These results could be indicative that the WFD and current guidelines 
for its use may not be as effective on all pasture systems or varying soil type, highlighting the need 
for site specific N fertilisation studies in order to prevent the pollution of underground water 
sources. As seen in Figure 3.19, it was N0 and Nvar which consistently had the lowest total 
mineral N content in the 200 – 300 mm depth throughout the study. Treatment N20 was similar 
(P>0.05) during most grazing cycles. Treatment N40 (P>0.05) had similarly low mineral N, but not 
during August and September 2016 (P≤0.05). The WFD results suggest that the high nitrate 
concentration in the 150 mm depth (>250 mg nitrate L-1) and in the 300 mm depth (>130 mg nitrate 
L-1) suggest that N was not fully utilised, in this system, even at low rates of N fertilisation. 
The total mineral N in the soil comprises of nitrate and ammonium. Ammonium may be converted 
to ammonia, which could be lost through volatilisation. Both urine patches and N fertiliser 
application increase the possibility of volatilisation losses (McKenzie and Tainton 1993; Thompson 
and Fillery 1998). Animal excreta on pasture results in volatilisation losses of between 3 to 8%, but 
this amount may increases by up to five times when fertiliser is applied at a rate of 400 kg N ha-1 
year-1 (Ledgard et al. 1999). Based on the above research findings and the results of the current 
study, it is concluded that treatment N60 and N80 would likely result in an inefficient N use, 
financial loss and a detrimental losses of N into the environment. 
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Grazing cycle as a main effect influenced (P≤0.05) (Table 3.13) the PMN at all the depths. 
However, treatment did not affect the PMN (P>0.05). At the 0 – 100 mm depth, it was September 
2016 and May 2017 which had the highest mineralisation rates (P≤0.05) (Figure 3.21). There was 
no clear pattern of mineralisation over years or on a seasonal basis. 
There was no PMN response in terms treatment (P>0.05) at the 100 – 200 mm and 200 – 300 mm 
depths within grazing cycles (Table 3.13  
). The grazing cycle was the main factor that determined (P≤0.05) the mineralisation of N in both 
depths. In the 100 – 200 mm depth, it was found that during September, November and December 
2016 the highest rates occurred (Figure 3.22). Although the PMN was higher (P≤0.05) during 
November and December than during other months at the 200 – 300 mm, it was lower (P≤0.05) 
during September. November and December were similar (P≤0.05) to August in the 200 – 300 
mm. Thus the trend was similar, but not exactly the same as at 100 – 200 mm (Figure 3.23). 
According to Fulkerson et al. (2011), mineralisation in temperate climates can account for 20 – 120 
kg N ha-1 year-1 (Fulkerson et al. 2011). This is similar to the range found in the current study. 
The lack of response in terms of total inorganic N and PMN at the extremes of N fertilisation 
regimes applied during this study is unexpected. Stout et al. (1997) reported that N reserves in the 
soil were depleted by growing a barley-annual ryegrass intercrop without N fertiliser application. 
This particular study of Stout et al. (1997) was undertaken to evaluate the response to N fertiliser in 
combination with legumes. On the current study site, the soil was previously managed as it would 
be on commercial farms in the region. Depleting the soil of N reserves prior to the onset of N 
application treatments might give a better indication of the effect of fertiliser on the particular 
pasture. However it would not have been a true representation of the current status of pasture soils 
in the southern Cape area, since most of them have applied N to their pasture for a number of 
years. The characterisation of the impact of accumulated N in the systems needs to be improved 
under these no-till pasture systems. However, results did indicate that N fertilisation could 
potentially be managed according to seasonal herbage requirements, potentially linked to 
requirements based on varying growth rates.  
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Figure 3.17: Total mineral N (mg kg
-1
) on the day of sampling at the 0 - 100 mm soil depth on the kikuyu-ryegrass site, as affected by treatments N0, N20, N40, N60, 
N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, indicates 
significant difference at 5% level 
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Figure 3.18: Total mineral N (mg kg
-1
) on day of sampling at the 100 – 200 mm depth, in the kikuyu-ryegrass site, affected by treatments N0, N20, N40, N60, N80 = 
0, 20, 40, 60, 80 kg N ha
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate standard error. No common letter above 
bars indicates significant difference at 5% level 
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Figure 3.19: Total mineral soil N (mg kg
-1
) on day of sampling at soil depth 200 - 300 mm on the kikuyu-ryegrass site. N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg 
N ha
-1
 grazing cycle
-1
; Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, indicates significant difference at 5% 
level 
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Figure 3.20: Average nitrate concentration (mg nitrate L
-1
) in soil water collected from wetting front detectors 
(WFD) for the duration of the trial on the kikuyu-ryegrass site. WFD were used in Nvar plots only, at and 
installed at 150 mm and 300 mm depth in the soil 
 
Figure 3.21: Average potential mineralisable nitrogen (PMN) (kg N ha
-1
 grazing cycle
-1
), averaged over all 
treatments, at the 0 – 100 mm depth on the kikuyu-ryegrass site as affected by grazing cycle. Error bars 
indicate standard error. No common letter above data points indicates significant difference at 5% level. The 
average monthly temperatures (°C) are also displayed 
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Figure 3.22: Average potential mineralisable nitrogen (PMN) (kg N ha
-1
 grazing cycle
-1
), averaged over all 
treatments, at the 100 – 200 mm depth on the kikuyu-ryegrass site as affected by grazing cycle. Error bars 
indicate standard error. No common letter above data points indicates significant difference at 5% level 
 
Figure 3.23: Average potential mineralisable nitrogen (PMN) (kg N ha
-1
 grazing cycle
-1
), averaged over all 
treatments, at the 200 – 300 mm depth on the kikuyu-ryegrass site as affected by grazing cycle. Error bars 
indicate standard error. No common letter above data points indicates significant difference at 5% level 
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3.3.2.2 Carbon to nitrogen ratio 
There were no interaction (P>0.05) between treatments and grazing cycles (Table 3.14). When 
treatments were averaged and compared according to the grazing cycle (Figure 3.24) it showed 
the highest (P≤0.05) C:N ratio occurred during June 2016 followed by May 2016. After June 2016 
the ratio decreased (P≤0.05) from 23.5 to a value of 10.9 in July 2016. The C:N ratio then varied 
between 10.9 to 16.0 until January 2017.  
Table 3.14: ANOVA table of kikuyu-ryegrass site regarding carbon:nitrogen (C:N) ratio in the various depths 
(Num DF = Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
 
 
Num. DF 
 
Den. DF 
 
F 
 
P-value 
 
C:N ratio (0 – 100 mm)     
 Treatment 
 
5 18 0.57 0.721 
 Grazing cycle 
 
6 106 116.09 <0.001 
 Treatment* Grazing cycle 
 
30 106 0.62 0.935 
C:N (100 – 200 mm)      
 Treatment 
 
5 18 0.21 0.955 
 Grazing cycle 
 
2 36 20.93 <0.001 
 Treatment* Grazing cycle 
 
10 36 0.58 0.822 
C:N (200 – 300 mm)     
 Treatment 
 
5 18 0.80 0.562 
 Grazing cycle 
 
2 36 5.01 0.012 
 Treatment* Grazing cycle 
 
10 36 0.32 0.971 
() Indicates depth 
* Interaction between main effects 
 
Figure 3.24: Average carbon to nitrogen (C:N) ratio at the 0 – 100 mm depth on the kikuyu-ryegrass site as 
affected by grazing cycle and averaged over all treatments. Error bars indicate standard error. No common 
letter above data points indicates significant difference at 5% level 
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It was found that in the southern Cape, the C:N ratio of cultivated pastures was 11.1 ± 0.3, 11.2 ± 
0.3 and 12.1 ± 0.7 in the respective depths of 0 – 100 mm, 100 – 200 mm and 200 – 300 mm 
(Swanepoel et al. 2014b). This is lower than that of the current study which was 15.1 ± 0.4, 15.4 ± 
0.7 and 14.6 ± 0.6 when averaged over the study period for the respective depths of 0 – 100 mm, 
100 – 200 mm and 200 – 300 mm.  
3.3.2.3 Urease activity 
The response of UA to treatments were similar (P>0.05) in all grazing cycles (Table 3.15). There 
were no treatment effects (P>0.05) between July and September 2016 (Figure 3.25). Treatment 
N20 showed an increase (P≤0.05) from September to December, while treatment N80 showed a 
decrease (P≤0.05) during the same period. All other treatments remained similar (P>0.05) from 
September to December 2016. Most of the variation within UA occurred during 2016. During 
December 2016 N20 had a higher (P≤0.05) UA than N0, N60 and N80, but similar to N40 and 
Nvar. This was not however carried through into February 2017, when Nvar had a higher UA than 
N20, but similar (P>0.05) to the rest. Treatments within July 2016, September 2016, May 2017 and 
July 2017 were similar (P>0.05). In the same location, during October 2011, UA was found to be 
538 μg NH4-N g
–1 2h–1 in the 0 - 100 mm depth (Swanepoel et al. 2014b), higher than that of the 
current study which had a mean UA of 284 μg NH4-N g
–1 2 h–1 when averaged for the study period 
and treatments. 
Table 3.15: ANOVA of kikuyu-ryegrass site regarding urease activity in the 0 - 100 mm depth (Num DF = 
Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
  Num. DF 
 
Den. DF 
 
F 
 
P-value 
 
Urease activity1     
 Treatment 
 
5 18 0.28 0.920 
 Grazing cycle 
 
5 90 3.90 0.003 
 Treatment* Grazing cycle 
 
25 90 1.53 0.076 
Urease activity (normalised)2     
 Treatment 
 
4 68 6.11 <0.001 
 Grazing cycle 
 
5 18 10.67 <0.001 
 Treatment* Grazing cycle 
 
20 68 5.51 <0.001 
1 
measured in μg NH4-N g
-1
 2h
-1 
2
 measured in μg NH4-N g
-1
 N 2h
-1 
() Interaction between main effect 
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Figure 3.25: Urease activity (μg NH4-N g
-1
 2h
-1
) at the 0 - 100 mm soil depth on the kikuyu-ryegrass site 
approximately every second grazing cycle affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 
80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No 
common letter above bars, indicates significant difference at 5% level 
When the UA data was normalised with mineral N, the results were considerably different. The 
response of normalised UA to treatments varied (P≤0.05) between grazing cycle in the 0 – 100 mm 
depth (Table 3.15). According to these results during the warmer grazing cycles (December 2016 
and February 2017), the low N treatments (N0, N20, Nvar) had a greater (P≤0.05) activity 
compared to the high N treatments (N60 and N80). During the cooler grazing cycles, September 
2016 and May 2017, there were no differences (P>0.05) between treatments. Cartes et al. (2009) 
found differences in UA amongst the two soils they studied. The andisol soil showed an increase in 
UA as the temperature was increased (Cartes et al. 2009). This is similar to what was seen in the 
normalised UA values during December 2016 especially, and to a lesser extent February 2017, 
during which the temperatures was highest (20°C) or similar to the highest (19°C). Similar to the 
discussion in the previous section (3.3.1.3 ) regarding the redundant production of the urease in 
chemically fertilised pastures, this can also be applicable on this kikuyu-ryegrass study site.  
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Figure 3.26: Normalised Urease Activity (μg NH4-N g
-1
 N 2h
-1
) in the 0 - 100 mm soil depth on the kikuyu-
ryegrass site approximately every second grazing cycle as affected by treatments N0, N20, N40, N60, N80 = 
0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; Nvar = variable nitrogen fertilisation. Error bars indicate standard 
error. No common letter above bars, indicates significant difference at 5% level 
3.3.2.4 Leco-N and Kjeldahl-N 
Both Leco-N (0 – 100 mm depth) and Kjeldahl-N (all depths) were influenced (P≤0.05) by grazing 
cycle rather than treatments (P>0.05). These results are shown in Table 3.16 and  
Table 3.17 and also Figure 3.27, Figure 3.28, Figure 3.29 and Figure 3.30.   
From July until November 2016 the highest (P≤0.05) or similar (P>0.05) to the highest Kjeldahl-N 
content were found compared to baseline (May 2016) Kjeldahl-N in the 0 – 100 mm depth (Figure 
3.28). The baseline values are those obtained prior to application of N treatment during May 2016. 
In the 100 – 200 mm depth, the lowest or similar to the lowest Kjeldahl N was found during 
September and November 2016, while May, July and August 2016 having the highest or similar to 
the highest amount (Figure 3.29).  Kjeldahl-N in the 200 – 300 mm depth was also lowest (P≤0.05) 
in November 2016 and highest (P≤0.05) in August 2016. It is noted that an inverse effect is found 
between Kjeldahl values of 0 – 100 mm and 200 – 300 mm depths (Figure 3.30).  
Total N (Kjeldahl-N) was previously measured at 0.18% at the same location as the current study 
(Swanepoel et al. 2015b). Hadas et al. (2004) also found kjeldahl values of 0.14%, in a soil under 
long term irrigated crops amended cattle manure. Results of the current study were 0.22%, 0.14% 
and 0.08% for the depths of 0 – 100 mm, 100 – 200 mm and 200 – 300 mm depths respectively.  
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Table 3.16: ANOVA table of kikuyu-ryegrass site regarding Leco-Nitrogen (N) in the various depths (Num DF 
= Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
 Num. DF 
 
Den. DF F 
 
P-value 
 
Leco-N (0 – 100 mm)      
 
Treatment 
 
5 18 0.48 0.785 
 Grazing cycle 
 
11 197 134.44 <0.001 
 Treatment*grazing cycle 55 197 1.11 0.297 
Leco-N (0 – 100 mm)      
 
Treatment 
 
5 18 0.72 0.614 
 
Season 
 
3 53 146.88 <0.001 
 
Treatment*Season 
 
15 53 1.32 0.223 
Leco-N (100 – 200 mm)     
 
Treatment 
 
5 18 0.35 0.878 
 
Season 
 
3 54 40.66 <0.001 
 
Treatment*Season 
 
15 54 0.89 0.574 
Leco-N (200 – 300 mm)     
 Treatment 
 
5 18 0.51 0.763 
 Season 
 
3 53 29.17 <0.001 
 Treatment*Season 
 
15 53 0.67 0.803 
1
 measured as % 
() indicates depth 
*Interaction between main effects 
 
Table 3.17: ANOVA table of kikuyu-ryegrass site regarding Kjeldahl-Nitrogen (N) in the various depths (Num 
DF = Numerator degrees of freedom, Den. DF = Denominator degrees of freedom) 
 Num. DF 
 
Den. DF F 
 
P 
 
Kjeldahl-N (0 – 100 mm)     
 
Treatment 
 
5 18 0.62 0.683 
 
Grazing cycle 
 
6 108 10.22 <0.001 
 
 Treatment*grazing cycle 
 
30 108 1.17 0.278 
Kjeldahl-N (100 – 200 mm)     
 
Treatment 
 
5 18 1.14 0.378 
 Grazing cycle 6 108 5.31 <0.001 
 Treatment*grazing cycle 30 108 0.75 0.810 
Kjeldahl-N (200 – 300 mm)     
 
Treatment 
 
5 18 0.34 0.881 
 Grazing cycle 
 
6 108 15.67 <0.001 
 Treatment*grazing cycle 30 108 0.91 0.605 
1
 measured as % 
() indicates depth 
*Interaction between main effects 
 
The response of Leco-N to treatments were similar (P>0.05) in the respective seasons in all 
depths, 0 – 100 mm, 100 – 200 mm and 200 – 300 mm (Table 3.16). The differences in Leco-N 
were due to season (P≤0.05). When soil N was averaged over treatments, it showed clear 
seasonal effects, decreasing steadily from winter to autumn, and then increasing again from 
autumn to winter (Figure 3.27). In the 0 – 100 mm depth, treatments did not differ (P>0.05) in 
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regard to Leco-N for winter and spring of the first year, with the exception of N60 and Nvar for 
which Leco-N (total N) decreased (P≤0.05) from winter to spring (Figure 3.31). All treatments then 
decreased (P≤0.05) from spring to summer and were similar (P>0.05) during summer and autumn. 
The exception was that N40 and N80 decreased (P≤0.05) from summer and autumn. The 
observed decline in soil N from spring to summer coincided with high pasture accumulation rates, 
and was thus likely associated with an increase in the N requirement of the pasture.  
 
Figure 3.27: Average Leco nitrogen (N) (%) at the 0 – 100 mm depth on the kikuyu-ryegrass site, when 
averaged over all treatments. Error bars indicate standard error. No common letter above data points 
indicates significant difference at 5% level 
 
In terms of Leco-N at the 100 – 200 mm depth, winter was similar (P>0.05) to spring, with the 
exception of N60 and N40 which decreased (P≤0.05) (Figure 3.32). The spring total soil N of N40 
and N60 remained similar (P>0.05) during spring and summer, while it increased (P≤0.05) from 
spring to summer for the remaining treatments. All the treatments remained similar (P>0.05) from 
summer to autumn. 
The Leco-N in the 200 – 300 mm depth was similar (P>0.05) during winter and spring, except N60 
and Nvar which decreased (P≤0.05) within this period (Figure 3.33). During spring the total soil N 
content of treatments was higher (P≤0.05) than during summer, with the exception of treatment 
N20, for which it remained similar (P>0.05). Treatment effects on Leco-N at the 200 – 300 mm 
depth were similar (P>0.05) within summer and autumn and also similar (P>0.05) within spring and 
autumn. 
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Figure 3.28: Average Kjeldahl soil nitrogen (N) (%) at the 0 - 100 mm depth on the kikuyu-ryegrass site, 
when averaged over treatments. Error bars indicate standard error. No common letter above data points, 
indicates significant difference at 5% level 
 
Figure 3.29: Average Kjeldahl soil nitrogen (N) (%) at the 100 – 200 mm depth on the kikuyu-ryegrass site, 
when averaged over treatments. Error bars indicate standard error. No common letter above data points, 
indicates significant difference at 5% level 
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Figure 3.30: Average Kjeldahl soil nitrogen (N) (%) at the 200 – 300 mm depth on the kikuyu-ryegrass site, 
when averaged over treatments. Error bars indicate standard error. No common letter above data points, 
indicates significant difference at 5% level 
 
Figure 3.31: Leco nitrogen (N) (%) at the 0 – 100 mm depth in seasons of year one (1) on the kikuyu-
ryegrass site, affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; 
Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, 
indicates significant difference at 5% level 
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Figure 3.32: Leco nitrogen (N) (%) at the 100 – 200 mm depth in seasons of year one (1) on the kikuyu-
ryegrass site, affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; 
Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, 
indicates significant difference at 5% level 
 
Figure 3.33: Leco nitrogen (N) (%) at the 200 – 300 mm depth in seasons of year one (1) on the kikuyu-
ryegrass site, affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
; 
Nvar = variable nitrogen fertilisation. Error bars indicate standard error. No common letter above bars, 
indicates significant difference at 5% level 
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Leco-N determined in a New Zealand non-irrigated pasture, grazed by sheep and consisting of a 
mixture of pasture species, including perennial ryegrass (Lolium perenne), was much higher than 
the results reported during the current study. The range of Leco-N was 0.41 to 0.44% as yearly 
average (Ross et al. 2004) compared to the current studies which ranged between 0.10 to 0.28%. 
In Serbia, Leco-N of a Italian ryegrass pasture in the 0 – 300 mm depth was 0.197% (Simić et al. 
2009). In a 12 year trial regarding tillage, N fertiliser and cropping system (various spring wheat, 
sunflower rotations), N treatment did not affect Leco-N in the 0 – 76 mm depth (Halvorson et al. 
2002). The aforementioned result were comparable to the current study, were treatment 
differences within seasons were minimal. The exception was during winter of year one which had a 
higher (P≤0.05) Leco-N compared to the other treatments. 
3.4 Conclusion  
Total mineral N content in soil responded to N treatment. Applying >40 kg N ha-1 resulted in a 
build-up of mineral N in the soil profile (up to 300 mm) to a point where it surpass the requirement 
of the pasture. Because plants cannot utilise all the N in treatments >40 kg N ha-1, N is vulnerable 
to leaching and volatilisation losses, which pose an environmental risk and has an economic 
implication. High rates of N fertilisation (>40 kg N ha-1) also affected microbial activity as urease 
activity were lower when fertilisation were high. Urease enzyme activity became redundant when 
mineral N was high. Redundancy of urease activity, and therefore a reduced microbial activity, is 
more evident at N rates of >40 kg N ha-1 and is not recommended.  
Even though treatment did not have an effect on the potential of the soil to mineralise N, the soil 
had a large potential to mineralise N, which could at least partially replace N from fertilisation. On 
the kikuyu site PMN was in the range of 50 – 170 kg ha-1 grazing cycle-1, while on the kikuyu 
ryegrass site this range was 15 – 150 kg ha-1 grazing cycle-1. The soil thus has the ability to supply 
the plants with a significant amount of N. A fertilisation programme that takes the potential of the 
soil to supply N into account, should be developed.  
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Chapter 4  The effect of N rates on pasture herbage production, 
forage quality and botanical composition 
4.1 Introduction 
Kikuyu (Pennisetum clandestinum) is used as a pasture base in the dairy producing area of the 
southern Cape and when focussing on the fodder flow program, species with a higher forage 
quality, such as annual ryegrass (Lolium multiflorum) and clover (Trifolium spp.) are sown into 
(Harris and Bartholomew 1991; Botha 2003; Garcia et al. 2008; Sinclair and Beale 2010; van der 
Colf et al. 2015a). With proper management, adequate rainfall and nitrogen (N) fertilisation, kikuyu 
can be a highly productive summer pasture species although some anti-quality factors exist (Cross 
1979). These anti-quality factors [mineral imbalances, nitrate accumulation, oxalate (Marais 2001)], 
alongside a low forage quality compared to temperate pasture species, are not desirable pasture 
characteristics for high producing dairy cows. This, however, can be overcome by feeding 
concentrates in order to prevent a decrease in milk production (Garcia et al. 2014). 
Besides inorganic fertilisers, N input into the pasture systems may be in the form of inter alia, 
biological N fixation through legumes, soil N mineralisation and animal excreta (Peoples and 
Baldock 2001; Cassman et al. 2002). Incorporating legumes to supply the system with N through 
fixation is often not successful. Reasons include that clovers do not compete well with grasses due 
to overshadowing as a result the length of grasses at grazing (Botha 2003). The benefit of N 
fixation from clovers is often not enough to support growing grasses, resulting in additional 
inorganic N input, which in turn has a negative effect on the persistence of clovers. For these 
reasons, producers commonly establish pastures as pure-grass swards. These producers then rely 
on a high N application rates of inorganic fertilisers to increase yield (Garcia et al. 2014). For 
kikuyu-based systems in particular, fertiliser guidelines were developed from small plot trials 
associated with deep tillage and without correction from N inputs via manure and urine (Beyers 
1994). Current N fertiliser guidelines for kikuyu-ryegrass pasture are 300 to 500 kg N ha-1 year-1 
(Marais 2001). Such high rates not only makes N fertilisation one of the most expensive inputs in 
these systems (Baligar et al. 2001; Masclaux-Daubresse et al. 2010), but the pasture systems are 
potentially also over-fertilised, especially during winter when nitrate leaching risk is high, which 
may be detrimental to the environment (Elliott and Abbott 2003; Pembleton et al. 2013). Supplying 
N when it is not utilised by plants is a financial waste and losses can be expected through 
eutrophication, denitrification and ammonia volatilisation (Ledgard et al. 1999; Canfield et al. 2010). 
To prevent losses, it is important to consider the adoption of strategic N application regimes. 
Various authors have already reported on the potential to only apply N in the growing seasons of 
kikuyu and ryegrass (Marais 1980, 1990; Eckard et al. 1995; Fulkerson et al. 1998; Pembleton et 
al. 2013). The aim of this study was to reassess N fertiliser guidelines of kikuyu and kikuyu-
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ryegrass pastures in the southern Cape under a minimum-tillage regime and grazing, aimed at 
optimising the quality of pasture, measured by CP, while still maintaining yield. Developing a 
strategic N fertiliser programme may aid in preventing environmental and financial losses since 
agronomic N use efficiency (ANUE) is taken into account. 
4.2 Materials and Methods 
4.2.1 Experimental site characterisation  
The study was conducted over a period of two years, April 2016 to March 2018, on the Outeniqua 
Research Farm near George in the Western Cape Province, South Africa. The trials were 
performed on a podzol soil, specifically characterised as a Witfontein soil form. Both sites were 
characterised by long-term established kikuyu that had been under minimum-tillage management 
practices for more than ten years. The site is approximately 8 km from the Indian Ocean and 
situated at an altitude of 201 m (33 58’ 38” S, 22 25’ 16” E). Rain is received throughout the year 
with a total mean annual precipitation of 728 mm determined over long-term (35 years). The area 
has a temperate climate with minimum temperatures ranging between 7 and 15 °C and maximum 
temperatures between 18 and 25 °C, in winter and summer, respectively.  For the purpose of this 
study, autumn months were defined as March, April and May; winter months as June, July and 
August; spring as September, October and November and the summer months as December, 
January and February.  
4.2.2 Study design and treatments 
For this study, two separate sites were used, one with a pure kikuyu sward and another where 
kikuyu was over-sown with annual ryegrass on an annual basis. Both sites were laid out as 
randomised block designs. Each site had six N fertilisation treatments replicated in four blocks. In 
total, there were 24 plots per site comprising an area of 15 × 15 m each. Five N treatments were 
applied at fixed rates (0, 20, 40, 60 and 80 kg N ha-1), while the sixth treatment was applied 
strategically according to the nitrate concentration of the soil water after grazing. A detailed table 
describing the N rate applied per grazing cycle are presented in the Chapter 3 (Table 3.2).  
4.2.2.1 Nitrate concentration determination in soil water 
Soil water was obtained using FullStopTM Wetting Front Detectors planted at 150 mm and 300 mm 
depths. A Wetting front detector is a funnel-shaped passive lysimeter, buried at different depths in 
soil which can be applied for managing irrigation. When the soil potential around the WFD 
approaches -3 kPa, such as after an irrigation or rainfall event, free water is produced at the base 
of the funnel, which can then be extracted using a syringe. This water sample can be used to 
monitor soluble soil nutrients, such as nitrates, and salinity. As the water passes through a filter 
and collects at the reservoir, a float is magnetically activated showing that there is a water sample 
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to be retrieved for analysis by using a syringe (Stirzaker 2003). During the study nitrate 
concentration in the soil water was determined by using a Horiba Scientific LAQUAtwin compact 
water quality meter, as well as Quantofix® nitrate test strips. This was done throughout the year 
whenever the WFD had collected enough water or the float was triggered. An average of the 
month’s measurements obtained from the 150 mm WFD was used to calculate whether N should 
be applied and at what rate. When the average nitrate concentration of the month was above 50 
mg L-1, no N was applied to the pasture. A nitrate concentration of between 25 and 50 mg L-1 
resulted in an N application of 25 kg N ha-1. When the nitrate concentration was below 25 kg N ha-
1, 50 kg N ha-1 was applied (Fessehazion et al. 2011). The optimum nitrate level to maintain, at 
which  both yield and forage quality of ryegrass is ideal, is considered to be 50 mg L-1  according to 
(Fessehazion et al. 2011). Based on the assumption that mixed pasture systems will behave 
similarly in the podzolic soil, the optimal nitrate concentration during the study was also set at 50 
mg N L-1. This standard, however, was adapted from September 2016 after it was observed that 
the Nvar plots had a low pasture production relative to other plots and showed visual signs of an N 
deficiency, irrespective of the fact that the N concentration in soil water indicated that no N fertiliser 
is required. As result, new nitrate concentrations limits were set. When the average nitrate 
concentration of the month was above 75 mg L-1, no N were applied to the pasture. When the 
concentrations were between 50 and 75 mg L-1, 25 kg N ha-1 was applied. When the 
concentrations were below 50 mg L-1, 50 kg N ha-1 was applied. The ranges of N applied per plot 
regarding Nvar treatments can be found in Table 3.3. When the four Nvar replicates are averaged 
within a season, the N applications were applied within the particular season with the particular 
amount that can be found in Table 4.1.  
Table 4.1: Treatment Nvar nitrogen (N) applications (kg N ha
-1
 season
-1
) for each season during year one (1) 
and year two (2), when individual replicates were averaged within a specific season for the kikuyu and 
kikuyu-ryegrass site 
Season Kikuyu Kikuyu-ryegrass 
Winter 1 10.00 10.00 
Spring 1 25.00 0.00 
Summer 1 18.75 12.50 
Autumn 1 12.50 0.00 
Winter 2 25.00 6.25 
Spring 2 12.50 6.25 
Summer 2 0.00 0.00 
Nvar = varying N rate according to nitrate concentration in the soil water 
4.2.3 Pasture management  
The kikuyu and kikuyu-ryegrass sites were managed and investigated separately following grazing 
by Jersey cows to a target post-grazing height of 50 mm. In addition, the kikuyu site was slashed 
during autumn 2016 and again in 2017 to a 50 mm height to prevent a build-up of a fibrous mat.  
The kikuyu-ryegrass site was prepared by over-sowing annual ryegrass into an existing, long-term 
kikuyu-base in April 2016, and again in March 2017. A germination test was done on the annual 
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ryegrass (cv. Barmultra II) seed prior to planting (ISTA 2016). Before the existing kikuyu was 
mulched to ground level in preparation for planting, using a Nobili mulcher, it was grazed down to 
50 mm. Using an Aitchison seed-drill, annual ryegrass was then planted into kikuyu at 25 kg ha-1 
(van der Colf 2011; Swanepoel et al. 2014). After planting, the area was rolled with a Cambridge-
type roller. No N was applied at the time of over-sowing of ryegrass. This was done to prevent the 
kikuyu base from competing with the emerging ryegrass seedlings. Limestone ammonium nitrate 
(LAN) was used as N source during the study and was applied directly after grazing.  
Herbage was allocated to dairy cows based on estimates of herbage-on-offer as determined by a 
rising plate meter. Linear regression curves and equations were used according to the season to 
estimate the number of cows required to graze the research area (van der Colf 2011), with 
approximately 5 kg dry matter (DM) herbage allocated per cow per grazing day. Grazing cycle was 
approximately 28 days during summer and 32 days during winter (van der Colf 2011). Cows were 
not allocated to specific treatments, but allowed to voluntarily graze over all plots. Thus, the plots 
were strip grazed by cows in order to equally distribute any carry-over effects that may have 
originated from either the concentrate fed in the milking parlour or previous pasture. A grazing 
cycle was defined as the period from one harvest to the next. 
Permanent over-head sprinkler irrigation was used on both pastures. Sprinklers were spaced 15 m 
apart. Irrigation scheduling was based on tensiometer readings, with management aimed at 
maintaining a matrix potential between -25 and -10 kPa. One tensiometer was installed at a depth 
of 150 mm on each pasture site. Rain gauges were installed next to the tensiometers to measure 
the amount of water (rain and/or irrigation) received by the pasture, in addition to the Decagon 
Weather Station (Figure 3.1). 
4.2.4 Sampling and analysis 
Herbage sampling was done prior to grazing. Five rings (0.0985 m2) were cut on each plot in order 
to determine yield to a height of 30 mm above ground. The cutting was done manually with a hand 
shear, with rings placed randomly within the plots. Samples were dried for 72 hours at 60°C to 
determine DM content and herbage yield (kg DM ha-1). Total seasonal yields were calculated 
through the summation of the grazing cycle yields that fell within the specific season. A harvest 
was considered to fall within a specific season when more than half of the growing period occurred 
within that season. 
An additional three rings (0.0985 m2) were cut once per season per plot to determine botanical 
composition. Each site was fractioned into five classes, namely kikuyu, ryegrass, other grasses, 
legumes and weed components. Other grasses included species such as Eragrostis plana, 
Paspalum notatum, Poa annua, Bromus catharticus and Sporobolus africana.  These other grass 
species were classified as such since it was not sown into the kikuyu pasture base. On the kikuyu 
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site, ryegrass (volunteer) were classified separately because it made a major contribution to the 
pasture. Volunteer legumes in the pasture was mostly white clover (Trifolium spp.), while the 
species that contributed to the weed component were mostly broadleaf spp. with the exception of 
Cyperus spp. The other broadleaf weed species were Arctotheca calendula, Taraxacum officinale, 
Stellaria media, Rumex crispus and Urtica spp. Each fraction was weighed individually to obtain 
wet weight, placed in the oven in marked brown paper bags for 72 hours at 60°C. The dry weight 
was determined and used to calculate the proportional contribution of each fraction on a dry mass 
basis. 
Five dried pasture samples per plot were pooled and milled (SWC Hammer mill, 1 mm sieve) to 
determine crude protein content. Total N in the herbage was determined with the Kjeldahl method 
and a factor of 6.25 was used to determine crude protein content from this value (AOAC 2000). 
The ANUE was used to calculate the expected production increase due to applied N per hectare 
and expressed as kg DM kg-1 N ha-1. It was calculated by subtracting the herbage production of the 
control from that of the treatment and dividing the answer by the amount of N applied in the 
treatment as per the following formula: 
𝐴𝑁𝑈𝐸 =
𝑃𝑎𝑠𝑡𝑢𝑟𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑑) − 𝑝𝑎𝑠𝑡𝑢𝑟𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
𝑁 𝑠𝑢𝑝𝑝𝑙𝑦
= 𝑘𝑔 𝐷𝑀 𝑘𝑔−1 𝑁 ℎ𝑎−1 
4.2.5 Statistical analyses 
The Restricted Maximum Likelihood (REML) method was used to test for differences between 
treatments. Treatment, time and their interaction were specified as the fixed effects in order to take 
the repeated measures into account. Block was specified as a random effect. The means were 
separated using Fishers’ Protected Least Significant Difference (LSD) test at a 5% significance 
level (Glass et al. 1972; Snedecor and Cochran 1980). Data was analysed by the STATISTICA 
version 13.2 (TIBCO Software 2017). Furthermore, for a better overall interpretation of botanical 
composition, these components were analysed using non-metric multidimensional scaling. The 
Bray-Curtis/Whittaker dissimilarity matrix have been used to visualise how dissimilar the botanical 
composition were. The statistical programme R (version 3.3.2, package vegan and function 
monoMDS) was used for this analysis. The appropriate number of axes for each ordination was 
determined using a scree plot of ordination stress using the function dimcheckMDS. An ordination 
stress of less than 0.2 was maintained to ensure that there is not more dimensions added that 
does not give extra information with regards to season and N application rate. 
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4.3 Results and Discussion  
4.3.1 Kikuyu pasture site 
4.3.1.1.1 Herbage production per grazing cycle 
The response of herbage production to N treatment was similar (P>0.05) in all grazing cycles 
(Table 4.2). The average herbage production per treatment per grazing cycle, calculated from May 
2016 to March 2018, showed that N20, N40, N60 and N80 had a higher (P≤0.05) herbage 
production than N0 and Nvar (Figure 4.1).  
During November 2016 and February 2017, the herbage production, when data was averaged over 
treatments, was the highest (P≤0.05) compared to all other grazing cycles (Figure 4.2). The 
November grazing cycle was long (41 days – not recommended for spring production) as this was 
when the harvest fit in best regarding the other studies on the research farm. The long grazing 
cycle could be the reason for the high production recorded during this month.  To address the 
differences in the length of grazing cycles, growth rate per day (kg DM ha-1 day-1) was calculated 
and there were no interaction (P>0.05) between treatments and grazing cycle (Table 4.2). Figure 
4.3 confirms that the length of the grazing cycle was indeed the cause for higher production during 
November 2016, since it did not have the highest growth rate. The growth rate in the study varied 
from as high as 97 kg DM ha-1 day-1 (January 2017) to as low as 31 kg DM ha-1 day-1 (July 2017). 
From May 2016 to August 2016 and April 2017 to August 2017, a decrease in production was 
observed (P≤0.05) (Figure 4.2). This is in agreement with previous findings that kikuyu becomes 
dormant during the late-autumn to early-spring (May to September) period (Marais 2001), resulting 
in lowered production. Irrespective of this, some herbage was still produced during these months. 
This was attributed to the slow growing and thus non-competitive kikuyu allowing other grasses, 
such as volunteer ryegrass and Bromus spp., to grow in the dormant months. This observation will 
be discussed under the botanical composition section. 
 
.
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Table 4.2: ANOVA of kikuyu site (Num DF = Numerator degrees of freedom, Den. DF = Denominator 
degrees of freedom) 
  Num. DF 
 
Den. DF 
 
F 
 
P-value 
 
Herbage production     
 Treatment 
 
5 18 5.33 0.004 
 Grazing cycle 
 
21 378 44.34 <0.001 
 Treatment* Grazing cycle 
 
105 378 0.59 0.999 
Growth rate      
 Treatment 
 
5 18 6.06 0.002 
 Grazing cycle 
 
20 360 74.43 <0.001 
 Treatment* Grazing cycle 
 
100 360 0.77 0.943 
Dry matter content      
 Treatment 
 
5 18 6.85 0.001 
 Grazing cycle 
 
21 378 85.54 <0.001 
 Treatment* Grazing cycle 
 
105 378 1.16 0.158 
Herbage production     
 Treatment 
 
5 18 6.26 0.002 
 Season 
 
7 126 352.34 <0.001 
 Treatment* Season 
 
35 126 0.69 0.893 
Pre-grazing Disc meter     
 Treatment 
 
5 18 5.73 0.002 
 Season 
 
7 126 91.24 <0.001 
 Treatment* Season 
 
35 126 0.63 0.942 
Growth rate     
 Treatment 
 
5 18 6.63 0.001 
 Season 
 
7 126 165.73 <0.001 
 Treatment* Season 
 
35 126 0.66 0.920 
Dry matter content      
 Treatment 
 
5 18 4.59 0.007 
 Season 
 
7 126 40.97 <0.001 
 Treatment* Season 
 
35 126 1.08 0.373 
Post-grazing Disc meter     
 Treatment 
 
5 18 0.55 0.736 
 Season 
 
7 126 34.24 <0.001 
 Treatment* Season 
 
35 126 0.57 0.970 
Botanical composition: Kikuyu     
 Treatment 
 
5 18 1.77 0.171 
 Season 
 
7 126 82.16 <0.001 
 Treatment* Season 
 
35 126 1.57 0.038 
Botanical composition: Volunteer Ryegrass    
 Treatment 
 
5 18 5.91 0.002 
 Season 
 
7 126 94.77 <0.001 
 Treatment* Season 
 
35 126 1.48 0.060 
Botanical composition: Volunteer Legumes    
 Treatment 
 
5 18 7.76 <0.001 
 Season 
 
7 126 4.05 <0.001 
 Treatment* Season 
 
35 126 2.28 <0.001 
Agronomic N use efficiency      
 Treatment 
 
3 12 2.47 0.112 
 Season 
 
7 84 0.61 0.744 
 Treatment* Season 
 
21 84 0.40 0.990 
Crude Protein     
 Treatment 
 
5 18 11.44 <0.001 
 Season 
 
4 72 117.23 <0.001 
 Treatment* Season 
 
20 72 6.72 <0.001 
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Figure 4.1: Average herbage production (kg DM ha
-1
) of kikuyu site when averaged over grazing cycles from 
May 2016 to March 2018, as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
 and Nvar = varying N rate according to nitrate concentration in the soil water. Error bars 
indicate standard error. No common letter above bars indicate significant difference at a 5% level 
 
Figure 4.2: Average pasture herbage production (kg DM ha
-1
) of the kikuyu site when averaged over 
treatments during the different grazing cycles of the study period. Error bars indicate standard error. No 
common letter above data points indicatesignificant difference at 5% level 
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Figure 4.3: Mean pasture growth rate (kg DM ha
-1 
day
-1
) of the kikuyu site when averaged over treatments 
during the different grazing cycles of the study period. Error bars indicate standard error. No common letter 
above data points indicatesignificant difference at 5% level 
4.3.1.1.2 Seasonal herbage production 
There were no interaction (P>0.05) between treatments and seasons with regards to seasonal 
herbage production for the kikuyu site (Table 4.2). Seasonal production, as affected by treatments, 
is presented in Figure 4.4. During winter of year one, treatment N60 and N80 produced more 
(P≤0.05) herbage compared to N0 and Nvar, but similar (P>0.05) to N20 and N40. During spring of 
the first year, treatment N40 had a higher (P≤0.05) herbage production than Nvar, but similar 
(P>0.05) to all other treatments. During summer of year one, treatment N80 had a higher (P≤0.05) 
herbage production than N0, N40 and Nvar, but similar (P>0.05) to N20 and N60. During autumn, 
treatment N60 produced higher (P≤0.05) than N0, Nvar, N20 and N40, but similar (P>0.05) to N80 
in the first year. During winter of the second year, there were no treatment differences (P>0.05) 
and production was lower (P≤0.05) than during the other seasons. This was as result of one less 
grazing cycle occurring during this season (winter 2) than during the first winter (winter 1). 
Botanical composition may also have contributed to the production differences, but this will be 
discussed in more detail in section 4.3.1.2 . Reasons for the lower production of the N40 treatment 
compared to N20 in winter and summer of year one, although not significant (P>0.05), are not 
clear and warrants further investigation. During spring and summer of year two, there were no 
treatment differences (P>0.05; Figure 4.4). 
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Figure 4.4: Seasonal herbage production (kg DM ha
-1
) of the kikuyu site in seasons during year one (1) and 
two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1 
and 
Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate standard error. No 
common letter above bars indicates significant difference at 5% level 
Overall, the production of this kikuyu site was higher during the first production year than what is 
reported in literature. On the same research location, seasonal yields were found to be 1.53, 6.29, 
7.47 and 6 t DM ha-1 for winter, spring, summer and autumn, respectively, when pastures received 
a monthly N rate of 32 kg N ha-1 (Swanepoel et al. 2014). During the second production year, 
however, winter herbage production was still slightly higher at 2.31 t DM ha-1 while the spring and 
summer production of 4.61 t DM ha-1 that was recorded for both seasons during this study, was 
lower than that recorded by Swanepoel et al. (2014). The combined autumn and winter herbage 
production was approximately 5.2 t DM ha-1 in Australia under similar management practices and a 
N application rate of 322 kg N ha-1 year-1 (autumn and summer received monthly applications, 
while spring received only two) (Fulkerson et al. 1999). This is lower compared to that of the 
current study where winter and autumn of year one, each had production in the range of 4.7 and 
6.2 t DM ha-1 season-1. Fulkerson et al. (1999) found approximate herbage production during 
summer to be 5.2 t DM ha-1 and during spring as 3.7 t DM ha-1. In the current study, both spring 
and summer of year two had production in the range of 4 to 5 t DM ha-1 season-1, while year one 
had higher production in the range of 6.5 to 8 t DM ha-1 seaon-1.  
Pre-grazing disc meter readings were taken on this site to estimate herbage production (Table 
4.3). The regression equations that were used, however, were developed for kikuyu over-sown 
with Italian ryegrass (van der Colf 2011), since there are no existing equations for pure kikuyu 
pastures. This could be why the estimated herbage production as determined from disc meter 
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readings was much lower than the measured production. The yields determined for Italian 
ryegrass-kikuyu during the same study were, however, also lower than the values determined 
here, further indicating that overall, the regressions and pasture type were not well suited to each 
other.  
When the seasonal herbage production is considered as the main criteria the optimal mean 
recommended N fertiliser rate could be as low as 20 kg N ha-1, or as high as 60 kg N ha-1 per 
grazing cycle, dependant on the particular season. To refine this broad optimal fertilisation rate, a 
strategic fertilisation, according to season, which will involve applying different N rates in different 
seasons, may result in improved profitability and also aid in environmental sustainability. The 
strategic fertilisation of kikuyu has, however, up to date received limited attention in the literature 
compared to kikuyu over-sown with temperate species.  
Table 4.3: Cumulative seasonal herbage production (t DM ha
-1
) available of year one (1) and two (2), 
estimated by pre-grazing disc meter readings on kikuyu pasture for treatments N0, N20, N40, N60, N80 and 
Nvar. No common letter below the values indicate significant difference at 5% level 
 Winter 1 Spring 1 Summer 1 Autumn 1 Winter 2 Spring 2 Summer 2 
N0 3.59 2.80 3.84 2.95 1.54 3.11 3.07 
 defghijk jlmn cdef hijklm qrs ghijkl ghijkl 
N20 3.42 3.48 4.35 3.48 2.02 3.85 3.85 
 fghijk fghijk abcde fghijk nopq cdefg cdefg 
N40 3.45 3.37 4.57 3.40 1.96 3.75 3.98 
 fghijk fghijk abc fghijk opqr defgh abcdef 
N60 4.03 3.60 4.78 3.56 2.18 4.11 3.97 
 bcdef defghji a defghijk mnopq abcdef bcdef 
N80 3.44 3.60 4.70 3.61 2.37 4.00 4.33 
 fghijk efghij ab efghij lmno abcdef abcd 
Nvar 2.37 2.46 3.94 2.87 1.46 2.79 2.94 
 lmnop lmno bcdef ijklm qrs klmn ijklm 
N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 and Nvar = varying N rate according nitrate concentration in the 
soil water.  
Slow growing citrus trees have been found to have a lower N requirement compared to fast 
growing trees (Syvertsen and Smith 1996), and the same principal may be applied to other crops 
(Cassman et al. 2002). Assuming this is also the case in a pure kikuyu grass stand, higher N rates 
should be applied during seasons of high production, while in seasons when production is 
relatively low, lower N rates should be applied.  The response of seasonal growth rate to treatment 
were similar (P>0.05) in all seasons (Table 4.2). The effects of season and treatment on the 
seasonal growth rate are available in Figure 4.5. There were no treatment differences (P>0.05) 
during spring of both year one and two. During winter of year one, treatment N60 and N80 had 
higher (P≤0.05) seasonal growth rates compared to N0 and Nvar, but similar (P>0.05) to N20 and 
N40. With regards to winter of the second year, treatment N60 had a higher (P≤0.05) seasonal 
growth rate compared to N0, but similar (P>0.05) to the other treatments. During summer of year 
one, treatment N80 had a higher (P≤0.05) seasonal growth rate compared to N0, Nvar and N40, 
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but similar (P>0.05) to N20 and N60. During the second year, summer seasonal growth rates of 
treatments N20 and N80 was higher (P≤0.05) compared to N0 and Nvar, but similar (P>0.05) to 
N40 and N60. Autumn seasonal growth rates were the highest (P≤0.05) in treatment N60 
compared to all the other treatments, with the exception of N80 to which N60 was similar (P>0.05). 
These results confirm that seasonal fertiliser rates should be adjusted to the growth that can be 
expected during a specific season. The same strategy as the slow growing citrus trees, was 
followed by Fulkerson et al. (1999) by applying N at monthly intervals during summer and autumn 
when kikuyu growth is high, but only twice during spring when kikuyu growth is lower. 
 
Figure 4.5: Average seasonal growth rate (kg DM ha
-1
 day
-1
) of the kikuyu site in seasons during year one (1) 
and two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
 
and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate standard error. 
No common letter above bars indicates significant difference at 5% level 
4.3.1.1.3 Total annual dry matter production 
The total annual dry matter production for year 1 (June 2016 to June 2017) ranged from 23153 to 
26925 kg DM ha-1, with treatment N60 and N80 producing higher (P≤0.05) than N0 and Nvar, but 
similar (P>0.05) to N20 and N40 (Figure 4.6). Annual herbage production of kikuyu generally 
ranges between 11.3 and 15 t DM ha-1 y-1, when fertilised with 400 to 600 kg N ha-1 y-1 (Cook and 
Mulder 1984; Fulkerson et al. 1999; Lowe et al. 2011; Garcia et al. 2014). Pearson et al. (1985) 
reported total annual herbage production rates of 23.8, 15.9 and 14.8 t DM ha-1 when kikuyu 
received 120 kg N ha-1 after each harvest. They ascribed these differences in production to 
different locations based at different degrees of latitude. The highest production of 23.8 t DM ha-1 
year-1 with N application rate of 120 kg N ha-1 after every harvest was similar to the N0 treatment in 
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the current trial. The latitude at 34 °S (similar to the current study) had a production of between 11 
and 15 t DM ha-1, much lower than the current study (Pearson et al. 1985). This production, 
however, was calculated from three N application rates and might have been skewed by the lower 
production at lower N rates, since they also reported that kikuyu responded linearly to an increased 
N application rate. 
 
Figure 4.6: Annual herbage production (kg DM ha
-1
) of the kikuyu site as affected by treatments N0, N20, 
N40, N60, N80 = 0, 20, 40, 60 80 kg N ha
-1
 and Nvar = varying rate of N application according to soil water 
nitrate concentration. Error bars indicate standard error. No common letter above bars indicates significant 
difference at 5% level 
In trials that were conducted on a similar location as the current trial, annual yields of 13.8 t DM ha-
1 (Botha et al. 2008a) and 21.29 t DM ha-1 (Swanepoel et al. 2014) were found for kikuyu pasture. 
As seen in the previous section on seasonal production, the major differences between the current 
study and that of Swanepoel et al. (2014), is the production during the winter season of year one. 
This agrees with findings from Botha et al. (2008a) that recorded high growth rates for summer and 
autumn and lower rates for spring, which further motivates the hypothesis that the difference in 
annual yield found in the current study due to herbage production differences in winter. Since 
management practices were consistent among these trials, the differences could also be ascribed 
to botanical composition in winter. This will be discussed in the botanical composition section 
hereafter.   
Cross (1978) as cited in Dugmore (2011) reported a kikuyu herbage production of 15 to 16 t DM 
ha-1 for a N application rate of 300 kg N ha-1 year-1, but also indicated that total annual production 
rates of up to 19 t DM ha-1 can be expected with the higher rainfall experienced at Cedara. 
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Similarly, Köster (1991) as cited in Dugmore (2011) found herbage production of 20.2 t DM ha-1 on 
irrigated kikuyu when N application rate was 230 kg N ha-1 during the growing season in Gauteng 
(University of Pretoria Experimental Farm). 
Kikuyu builds up a fibrous mat material through time, and particularly following summer (high DM 
content) (van der Colf 2011). As the samples were cut within five rings placed randomly within the 
trial, material remaining from the previous grazing cycle might have been included, resulting in an 
overestimation of production. A high DM content is indicative of this (Figure 4.9). Residual material 
on the pasture ranged from 197.8 to 654.3 kg DM ha-1 above 30 mm according to rising plate 
meter readings. The season affected the post-grazing pasture height (Table 4.2) and the effect is 
seen in Figure 4.7, where summer and autumn of year one was higher (P≤0.05) in post-grazing 
height compared to the other season. This was due to kikuyu being an major contributing specie to 
the pasture during these seasons, as will be confirmed in section 4.3.1.2 . Calculating residual 
material post-grazing was done by using regression models for Italian ryegrass sown into kikuyu, 
since volunteer ryegrass contributed greatly to the pasture (discussed in section 4.3.1.2.2 ) (van 
der Colf 2011). There is however a model for calculating pre- and post-grazing for pure kikuyu 
pasture in winter, spring and summer (Botha 2003). 
 
 
Figure 4.7: Average post-grazing (kg DM ha
-1
) pasture yield of the kikuyu site as affected seasons during 
year one (1) and two (2). Error bars indicate standard error. No common letter above data points indicates 
significant difference at 5% level 
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4.3.1.1.4 Dry matter content per grazing cycle 
The response of dry matter (DM) content (%) to treatments was similar (P>0.05) in all the grazing 
cycles (Table 4.2). An increase in N application resulted in a decrease in DM content (Figure 4.8) 
when the treatments were averaged over the study period. Treatment Nvar and N0 had a higher 
(P≤0.05) DM content than treatments N60 and N80 but similar (P>0.05) to N20 and N40.  
When DM content was averaged over treatments, grazing cycle data showed that from July to 
August in both 2016 and 2017, there was a decrease (P≤0.05) in DM content (Figure 4.9). From 
August 2016 to January 2017 the DM content of the pasture increased (P≤0.05) from 11.95% to 
19.65%, similarly in August 2017 to January 2018 the DM content increased (P≤0.05) from 14.50% 
to 20.82%. The variation in DM content through both the grazing cycle and between year one and 
two might be due to differences in climatic conditions and botanical composition. 
 
 
Figure 4.8: Average dry matter (DM) content (%) of the kikuyu site, when averaged over grazing cycles from 
May 2016 to March 2018 and affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
 and Nvar = varying N rate according to nitrate concentration in the soil water. Error bars 
indicate standard error. No common letter above bars indicates significant difference at 5% level 
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Figure 4.9: Dry matter (DM) content (%) of the kikuyu site, when averaged over treatments and affected by 
the grazing cycles. Error bars indicate standard error. No common letter above data points indicates 
significant difference at 5% level. 
4.3.1.1.5 Dry matter content per season 
There was no interaction between treatment and season (P>0.05) that affected DM content, and 
thus the main effects of both treatment and grazing cycle are interpreted (P≤0.05) (Table 4.2). 
Treatment Nvar had a higher (P≤0.05) DM content than N80 in all the seasons, except autumn of 
year one and winter of year two (P>0.05) (Figure 4.10). Dry matter content in the winter of year 
one was generally lower (P≤0.05) for all treatments when compared to the other seasons (Figure 
4.10). Of interest was that the dry matter content during winter of year one was generally lower 
compared to the treatments during winter in year two (P≤0.05) ,with the exception of treatment N0 
and N60 being similar in winter of year one and in winter of year two (P>0.05). Summer of year two 
also had a higher (P≤0.05) DM content compared to treatments during summer of year one, except 
treatment N80 which remained similar (P>0.05). This could potentially indicate a build-up of fibrous 
material with a higher DM content than green vegetative material. 
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Figure 4.10: Average seasonal dry matter (DM) content (%) of the kikuyu site in seasons during year one (1) 
and two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60 and 80 kg N ha
-1
 and Nvar = 
varying rate of N. N Error bars indicate standard error. No common letter above bars indicates significant 
difference at 5% level 
 
Kenney et al. (1984) reported a DM content of kikuyu in the vegetative state at about 15% in a 
sheep feeding experiment, but gave no indication of the rate of N fertilisation. In another sheep 
nutrition trial, kikuyu DM content were reported as 13.1% (Marais et al. 1990). Other authors have 
also reported that with low N treatments, higher DM contents can be expected (King et al. 2012; 
Bester 2014). Kikuyu pasture has also been reported to have a higher DM content compared to 
kikuyu over-sown with ryegrass pasture (Swanepoel et al. 2014; Botha 2003).  
4.3.1.2 Botanical composition 
4.3.1.2.1 Kikuyu 
The response of kikuyu’s contribution to the pasture varied (P≤0.05) across seasons and 
treatments (Table 4.2). From Figure 4.11, it is clear that kikuyu was dominant (P≤0.05) in the 
pasture during summer and autumn during both years of the study (Figure 4.11). Kikuyu made a 
low (P≤0.05) contribution to the pasture during spring of year one and two, and during winter of 
year two compared to the other seasons. Treatments did not have an effect (P>0.05) on the kikuyu 
component, during spring of both years. During winter of year one, N40 had the lowest (P≤0.05) 
contribution compared to all other treatments in the same season, while in winter of the second 
year, Nvar had a higher (P≤0.05) kikuyu content than N0 and N40. The non-conforming pattern 
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seen as a result of treatments during winter of year one, might be due to carry-over effects from 
previous pasture management on the site. For instance, the site was previously over-sown with 
ryegrass and it might be that during winter, which is the part of the growing season for ryegrass, 
there was a degree of emergence and production from ryegrass allowed to set seed during 
previous years. It seems that N40 is the optimal amount for ryegrass growth during winter and the 
reason that kikuyu contributed lowest or similar to the lowest during winter of both years at the N40 
treatment. The lower contribution of kikuyu during the second winter compared to the first, might be 
a reason that the DM production is also lower during the second winter compared to the first 
(Figure 4.4 and Figure 4.11). 
 
Figure 4.11: Kikuyu contribution (%) to the kikuyu site botanical composition in seasons during year one (1) 
and year two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing 
cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate 
standard error. No common letter above bars indicates significant difference at 5% level 
Overall it was also seen in New Zealand, that the kikuyu component was not affected by N 
treatment during August (spring) (Goold 1979). The current results are comparable with those 
found in Swanepoel et al. (2014) that the contribution of kikuyu was lower (P≤0.05) during winter 
and spring than during summer and autumn. Similar results were found by van der Colf et al. 
(2015a) who reported an increase in the contribution of kikuyu from spring to autumn, while the 
contribution was similar during winter and spring under a kikuyu-ryegrass pasture. These results 
are representative of the growth period of kikuyu in warmer months (Harris and Bartholomew 1991; 
Marais 2001), while it approaches dormancy in winter and spring (Ward et al. 2013). As a result, 
kikuyu contributes more to the pasture, in terms of botanical composition, during summer and 
autumn. 
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Regarding the kikuyu component, summer and autumn of year one were affected (P≤0.05) by 
treatments however, summer and autumn of year two were not affected by treatments (P>0.05) 
(Figure 4.11 and Table 4.2). The reason for this is likely attributable to management prior to the 
start of the current study, which is that the site was over-sown with ryegrass. Volunteer ryegrass 
and its contribution therefore was potentially influenced by the N treatments to a greater degree 
than kikuyu on this particular site. 
4.3.1.2.2 Volunteer ryegrass 
For the volunteer ryegrass component there was no interaction (P>0.05) between treatment and 
season, but it was affected by both season and treatment as a main effects (P≤0.05) (Table 4.2). 
Ryegrass was not planted at the kikuyu site and was therefore termed as “volunteer ryegrass”.  
 
Figure 4.12: Volunteer ryegrass contribution (%) to the kikuyu site botanical composition in seasons during 
year one (1) and year two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate 
standard error. No common letter above bars indicates significant difference at 5% level 
 
The contribution of volunteer ryegrass was affected by treatment (P≤0.05) in all seasons during 
both years of the study with the exception of summer and autumn of the second year (Figure 4.12). 
During summer and autumn of the second year, the contribution of kikuyu was overwhelming and 
out-competed the volunteer ryegrass. During this period (summer and autumn of the second year), 
the kikuyu component contributed between 69 to 94% compared to the volunteer ryegrass 
component which contributed 1 to 18%. Ryegrass is able to self-seed (Barth Neto et al. 2014) and 
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that explains the possibility that ryegrass was the result from over-sowing it into the current site in 
years prior to the start of this study. The volunteer ryegrass contribution did not increase with the 
increase of N application rate as found by Nevens and Rehuel (2003) for ryegrass. This might be 
due to the fact that the volunteer ryegrass was not sown, resulting in poor establishment (patches) 
and as such obscuring the effects of N on its relative contribution.   
In all seasons, although not always statistically significant (P>0.05), treatment N40 contributed the 
highest or similar to the highest amount of volunteer ryegrass (Figure 4.12). Kikuyu and volunteer 
ryegrass were negatively correlated, since as kikuyu contribution increased, the volunteer ryegrass 
amount decreased, and vice versa (Figure 4.14). The same trend was found by Swanepoel et al. 
(2014). In other studies on mixed swards, ryegrass content increased and clover content 
decreased with increasing amount of N fertiliser (Nevens and Rehuel 2003; Bolland and Guthridge 
2007).  
4.3.1.2.3 Volunteer legumes 
The response of volunteer legumes was not the same (P≤0.05) across treatments and seasons 
(Table 4.2). The volunteer legumes consisted mostly of white clover (Trifolium repens). In all 
seasons, except winter of year one, treatment N0 had the highest (P≤0.05) or similar to the highest 
(P>0.05) contribution of volunteer legumes to the pasture compared to N60 (Figure 4.13). During 
the aforementioned seasons, volunteer legumes in treatment N0 contributed between 16 and 43% 
to botanical composition. For clover to make a positive contribution in terms of biological N fixation, 
a contribution of at least 30% is needed in the pasture (Clark and Harris 1996).  
In treatment N0, the volunteer legume content increased (P≤0.05) from winter to spring in both 
years and from spring to summer (P≤0.05). It is advantageous to have clovers in the pasture 
because it has a NDF below 50% (Botha et al. 2008a), which promotes DM intake (Clark and 
Harris 1996). Summer had a higher (P≤0.05) legume contribution compared to winter in the N0 
treatment. Treatments N40, N60 and N80 had similar (P>0.05) contribution across all seasons 
except during winter of year one. This might be because the clover had not yet responded to the 
treatments in the first winter, since it is not its primary growth period. Harris et al. (1996) found that 
during late summer, clover content was at a maximum and during spring at a minimum. This was 
seen in the first year of the study but to a lesser extent during the second year, where the volunteer 
legumes contributed less during summer compared to spring (P≤0.05). Numerous authors have 
reported on the decreasing clover component with an increase in N fertiliser application (Goold 
1979; Elliott and Abbott 2003; Bolan et al. 2004). 
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Figure 4.13: Volunteer legume contribution (%) to the kikuyu site botanical composition in seasons during 
year one (1) and year two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate 
standard error. No common letter above bars indicates significant difference at 5% level 
 
4.3.1.2.4 Non-metric multidimensional scaling  
The effect of N fertiliser rate on the botanical composition over seasons can be explained by a non-
metric multidimensional scaling (NMDS) ordination analysis as indicated in Figure 4.14. Stress is 
intended to be lower than 0.2 and in this particular case, a two dimensional ordination resulted in 
stress of 1.8.  When the distance of data points are far apart, regardless of their position, they differ 
most. When two arrows are pointing in opposite directions, a negative correlation exists between 
the two and the longer the arrow, the stronger the correlation. In Figure 4.14, N application is 
represented by the blue arrow and indicates the correlation between the amount of nitrogen 
applied and the ordination, while the botanical composition components are represented by the 
green arrows. The different shapes represent the different seasons while treatments are 
represented by different colours.   
The correlation between the amount of N applied and the ordination was not significant (P=0.282) 
and R2=0.01. The R2 indicates the correlation coefficient between the ordination and the amount of 
N applied.  
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Figure 4.14: Nonmetric multidimensional scaling (NMDS) ordination, axis 1 and 2 of botanical composition 
components (kikuyu, volunteer ryegrass, volunteer legumes, other grasses and weeds) in the kikuyu site as 
influenced by season (winter, spring, summer and autumn of year one and two) and treatments N0, N20, 
N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 and Nvar = varying N rate according nitrate concentration in the 
soil water 
In Figure 4.14, axis one displays the change in botanical composition according to season, from 
kikuyu in summer and autumn to volunteer ryegrass in winter and spring. Axis two represents how 
many other grasses (besides kikuyu and volunteer ryegrass) and weeds were in the plots. Since 
there was no correlation between nitrogen and the ordinations, these differences are not the result 
of N application, but rather seasonal differences. It is also evident that both grasses and legumes 
were mostly present in the summer of the first year. 
It might seem as if there is an increase in legumes with an increase in N application, but the 
correlation is weak (both arrows are short) and as mentioned earlier, there is no correlation 
between N application and the ordination. Therefore this is more likely to indicate a small increase 
from winter to spring in the second year. This is substantiated by Figure 4.13, where an increase in 
volunteer legumes is seen in the second spring.  
4.3.1.3 Agronomic N use efficiency 
The response of agronomic N use efficiency (ANUE) was similar across treatment and season 
(P>0.05) (Table 4.2). The treatments and season as main effects also had no effect (P>0.05) on 
the ANUE. 
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Figure 4.15: Agronomic nitrogen use efficiency (ANUE) (kg DM kg
-1
 N ha
-1
) of the kikuyu site in seasons of 
year one (1) and two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water.. Error bars 
indicate standard error. No common letter above bars indicates significant difference at 5% level 
Agronomic NUE were variable in its responses to treatments on a grazing cycle basis (data not 
shown). This is similar to what is found by Bolland and Guthridge (2007), which is that efficiency 
varies between years and experiments. Cook and Mulder (1984) found that during high production 
periods between ANUE values of between 17.8 and 28.8 kg DM kg-1 N ha-1 can be expected, with 
other authors confirming this with increases of up to 30 kg DM per kg-1 N ha-1 reported (Tamimi et 
al. 1968; Miles 1997). These production responses were also seen, regardless of N treatment, 
when looking at monthly ANUE. During summer months of the first and second year, a maximum 
ANUE value of 33 and 31 kg DM kg-1 N ha-1 was obtained.  Previous studies have found that when 
kikuyu experienced low temperatures and moisture stress, N often did not have an effect on 
pasture growth (Goold 1979). A reason that treatment differences are not observed in the current 
trial may be due to the existing N reserves in the soil and recycling through animals (Cross 1979), 
resulting in all treatments having access to more N than what is applied through inorganic N 
fertiliser. Figure 4.15, although not indicating significant differences (P>0.05) and variation across 
seasons, can be used to build on the idea of strategic fertilisation based on season.  
4.3.1.4 Crude protein 
Crude protein (CP) content was not affected by grazing cycle and treatments in a similar manner 
(P≤0.05) (Table 4.2). There was a general trend for lower N application resulting in lower CP of 
pasture. Pearson et al. (1985) also reported similar trends of N rate affecting the CP content in 
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kikuyu. In South Africa the CP content of kikuyu was found to be in the range of 16.9 and 22.5% 
(Marais et al. 1990) while in the Eastern Cape specifically, CP is in the range of 8.31 to 33.3%, 
depending on the amount of N applied (200 – 600 kg N ha-1 y-1) (Miles et al. 2000). On the current 
study site, other authors such as Botha (2003) and Botha et al. (2008b) found CP content in the 
range of 21.1 to 23.7% when fertilised at a rate of 60 kg N ha-1 grazing cycle-1. This is similar to 
what is found for the same treatment (N60) in the current study. The CP content in the current 
study ranged from a minimum of 12.8% (N20 in November 2016) to a maximum of 30.8% (N80 in 
August 2016) (monthly CP data not shown). The CP content requirement for a small breed 
lactating dairy cow is 15% (NRC 2001), which means that 30.8% is well in excess of this 
requirement. During spring and summer grazing cycles, treatments N0, N20 and Nvar were mostly 
within an acceptable range regarding the requirement of the grazing animals. Fertilisation to 
optimise forage quality of the pasture thus seems to be within the range of these treatments. 
Kikuyu has been reported to have  a lower non-protein N content compared to perennial ryegrass 
(221 compared to 245 g kg-1 CP, respectively) (Reeves et al. 1996). Higher non-protein N results in 
lower DM intake of kikuyu pasture (Dugmore and du Toit 1988). This is similar to what Fulkerson et 
al. (2007) found during autumn. The author however found that kikuyu had a higher non-protein N 
content during summer compared to perennial ryegrass. A similar seasonal pattern of non-protein 
N, in other words higher in summer and lower in autumn, was found by Dugmore and du Toit 
(1988). The high values for CP seen in some treatments during the study may thus have negative 
effect on animal health if there is a large NPN component. 
Seasonal CP content differed (P≤0.05) in response to treatment and season (Figure 4.16). The 
kikuyu pasture had the highest average seasonal CP content during winter and autumn, and the 
lowest during spring and summer. Similar seasonal trends were found by Fourie (2015) and 
Meeske et al. (2006). In the current study, during winter and autumn, the CP content found in 
treatment N0 and Nvar was lower (P≤0.05) compared to N40, N60 and N80. In spring, N0, N20, 
N40 and Nvar were equally low (P>0.05) in CP content. During spring, treatments N0, N20, N40 
and Nvar were lower (P≤0.05) compared to N60 and N80. Treatments N0, N20 and Nvar were the 
lowest (P≤0.05) during summer, compared to N60 and N80, but with N20 being similar (P>0.05) to 
N40. Various authors reported that the lowest CP was during spring for kikuyu (Pearson et al. 
1985; Fulkerson et al. 1999). Meeske et al. (2006) found, on a similar location than the current 
study, that CP on the 21.8% (winter), 17.6% (spring), 15.7% (summer) and 19.6% (autumn). This 
is within similar ranges to the current study. 
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Figure 4.16: Average crude protein (CP) content (%) of the kikuyu site in seasons of year one (1) and 
affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
 and Nvar = 
varying N rate according nitrate concentration in the soil water. Error bars indicate standard error. No 
common letter above bars indicates significant difference at 5% level 
4.3.2 Kikuyu-ryegrass pasture site 
4.3.2.1.1 Herbage production per grazing cycle 
The response of herbage production to treatments were similar (P>0.05) in all grazing cycles 
(Table 4.4). When the DM production per grazing cycle was averaged over the study period (May 
2016 to March 2018), N0 produced less (P≤0.05) herbage than N60 and N80, and had a similar 
(P>0.05) herbage production compared to Nvar, N20 and N40 (Figure 4.17). When averaged over 
treatments, herbage production decreased (P≤0.05) from May to July in 2016 and from May to July 
in 2017 (Figure 4.18). Grazing capacities of kikuyu over-sown with Italian ryegrass were reported 
by van der Colf et al. (2015b) on the same site to be the lowest during July. During the current 
study the highest (P≤0.05) production was recorded in November during year 1. Similar to what 
was found on the kikuyu site, this was due to a long grazing cycle. This was eliminated by 
calculating the growth rate (Figure 4.19). The production per grazing cycle during the second year 
(June 2017 – March 2018) was much lower compared to the grazing cycles in the first year (June 
2016 – May 2017). The growth rate was not the same over the two years of the study period and 
this is likely attributed to climatic influences (Figure 4.19). 
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4.3.2.1.2 Seasonal herbage production 
The response of cumulative seasonal herbage production to treatments did not vary (P>0.05) 
between seasons (Table 4.4). Treatment and season, as main effects, affected (P≤0.05) the 
herbage production (Figure 4.20). Within the spring and summer season of year one, production 
for all treatments, except N60, were similar (P>0.05). The production of spring and summer 
herbage of year one was higher (P≤0.05) compared to winter and autumn of year one, with the 
exception of N40. Treatment N40 had similar (P>0.05) production during winter and summer of 
year one. No treatment differences (P>0.05) were found in winter and spring of year two and 
during autumn of year one. During spring of year one, N60 produced a higher (P≤0.05) cumulative 
herbage compared to all other treatments except N80 (P>0.05). During summer of year one, N60 
produced (P≤0.05) higher than N40 but similar (P>0.05) to all other treatments. Summer of year 
two resulted in treatment N80 having a higher (P≤0.05) herbage production compared to N0, but 
the production during other seasons was similar (P>0.05) for all treatments. 
In a study in the USA, annual ryegrass produced between 5.82 to 11.58 t DM ha-1 during year one 
and between 4.40 to 10.66 t DM ha-1 during the growing season (first harvest was during winter in 
December) of year two when N was applied at 280 kg N ha-1 (Venuto et al. 2004). They attributed 
the differences to location, year, cultivar and seeding rate.  
From May until November, yields of 5.9, 10.0, 13.0, 13.8 and 13.1 t DM ha-1 were obtained at rates 
of 0, 20, 40, 60 kg N ha-1 and according to nitrate concentration of the soil, respectively, for an 
annual ryegrass pasture in a study conducted by (Fessehazion et al. 2011) on a pure ryegrass 
stand on Cedara, South Africa. The results of the current study for similar N rates and time period 
(May to November) were 10.8, 12.8, 12.6, 13.6 and 12.3 t DM ha-1. Thus all treatments had a 
higher yield than what Fessehazion et al. (2011) recorded, except in the N60 and Nvar treatments. 
The reason might be that there is high residual N in the soil of the current study when comparing 
the N0 (5.9 vs 10.8 t DM ha-1) treatment in particular. The residual effect was also observed by 
King et al. (2012) when fertilising with N increased the DM production, but resulted in a lower than 
expected effect due to high residual N in the soil. As described in Chapter 3 , the use of the WFD 
to obtain nitrate concentration to determine the Nvar was not as successful as in Fessehazion et 
al. (2011). The authors reported that a compromise between quality and quantity of herbage 
production was achieved at a nitrate concentration of 50 mg L-1 and therefore fertilised according 
to that critical concentration. In this study however, this was not the case, as the Nvar achieved 
similar yields to the N0 treatment. As a result, the recommendation was adapted as described in 
Chapter 4 (section 4.2.2.1 ). Reasons why the current study’s critical nitrate concentration differed 
to that of Fessehazion et al. (2011) is not clear. It might be possible that the soil type had an 
influence, since Fessehazion et al. (2011) conducted the study on a deep (approximately 1 m), red, 
kaolinitic Hutton soil, compared to a more shallow podzol soil, specifically characterised as a 
Stellenbosch University  https://scholar.sun.ac.za
 123 
 
Witfontein soil form in the current study. It might result in the roots being able to take up water and 
nutrients from deeper levels as ryegrass roots are able to grow the depth of 1m (Høgh-Jensen and 
Schjoerring 1997).  
On the same location as the current study, seasonal production of 1.72, 5.96, 7.38, 5.26 t DM ha-1 
for winter, spring, summer and autumn, respectively, was found (Swanepoel et al. 2014). Winter 
production was lower compared to what was recorded on the current study during winter for the 
first year (5.3 t DM ha-1), while winter of the second year (2.5 t DM ha-1) was more comparable to 
what Swanepoel et al. (2014) found. This is due to one less grazing cycle that contributed to the 
second winter season compared to the first. Spring production (7.26 t DM ha-1) was higher and 
summer production (6.62 t DM ha-1) was lower in the study by Swanepoel et al. (2014) compared 
to the current study. Autumn production was higher (5.26 t DM ha-1) than that of the current study 
(3.68 t DM ha-1). During the second year, spring and summer production on the current study (5.15 
t DM ha-1 and 5.60 t DM ha-1 respectively) was lower.  
The herbage production estimated by pre-grazing disc meter readings is shown in Table 4.5 and 
the response varied (P≤0.05) between treatment and season (Table 4.4). The regression 
equations used to calculate the estimated herbage production was developed for Italian ryegrass 
sown into kikuyu (van der Colf 2011). The seasonal production was found to be 3.51, 6.07, 6.16 
and 3.02 t DM ha-1 during winter, spring, summer and autumn respectively for Italian ryegrass (cv. 
Jeanne) sown into kikuyu (van der Colf et al. 2015a). This is also the site were the regression 
equations was developed. The reason why the estimated production is lower than the herbage 
production determined through cutting samples in the current site, might be due to the regressions 
being developed on a lower producing ryegrass variety than the one in the current study (cv. 
Barmultra II). This is confirmed by ryegrass variety trials on the Outeniqua Research Farm where 
Barmultra outperformed Jeanne on annual production (van der Colf 2016). 
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Table 4.4: ANOVA of kikuyu-ryegrass site. Num DF=Numerator degrees of freedom, Den. DF= Denominator 
degrees of freedom 
 
 
Num. DF 
 
Den. DF 
 
F 
 
P-value 
 
Herbage production     
 Treatment 
 
5 18 3.07 0.018 
 Grazing cycle 
 
20 360 39.61 <0.001 
 Treatment* Grazing cycle 
 
100 360 0.82 0.877 
Growth rate     
 Treatment 
 
5 18 4.03 0.013 
 Grazing cycle 
 
19 342 91.11 <0.001 
 Treatment* Grazing cycle 
 
95 342 1.29 0.055 
Dry matter content      
 Treatment 
 
5 18 4.88 0.005 
 Grazing cycle 
 
20 360 52.00 <0.001 
 Treatment* Grazing cycle 
 
100 360 0.93 0.675 
Herbage Production     
 Treatment 
 
5 18 3.47 0.023 
 Season 
 
7 126 314.63 <0.001 
 Treatment* Season 
 
35 126 1.02 0.455 
Pre-grazing Disc meter     
 Treatment 
 
5 18 13.70 <0.001 
 Season 
 
7 126 260.17 <0.001 
 Treatment* Season 
 
35 126 3.31 <0.001 
Growth rate      
 Treatment 
 
5 18 4.77 0.006 
 Season 
 
7 126 148.74 <0.001 
 Treatment* Season 
 
35 126 1.02 0.445 
Post-grazing: Disc meter      
 Treatment 
 
5 18 0.27 0.925 
 Season 
 
7 126 32.13 <0.001 
 Treatment* Season 
 
35 126 0.71 0.882 
Dry matter content      
 Treatment 
 
5 18 4.48 0.008 
 Season 
 
7 126 48.10 <0.001 
 Treatment* Season 
 
35 126 1.18 0.249 
Botanical composition: Kikuyu     
 Treatment 
 
5 18 0.46 0.799 
 Season 
 
7 126 109.50 <0.001 
 Treatment* Season 
 
35 126 1.44 0.076 
Botanical composition: Ryegrass    
 Treatment 
 
5 18 4.34 0.009 
 Season 
 
7 126 175.57 <0.001 
 Treatment* Season 
 
35 126 1.39 0.098 
Botanical composition: Volunteer Legumes    
 Treatment 
 
5 18 11.82 <0.001 
 Season 
 
7 126 17.10 <0.001 
 Treatment* Season 
 
35 126 2.27 0.001 
Agronomic N use efficiency      
 Treatment 
 
3 12 0.47 0.712 
 Season 
 
7 84 4.79 <0.001 
 Treatment* Season 
 
21 84 0.84 0.663 
Crude Protein     
 Treatment 
 
5 18 34.95 <0.001 
 Season 
 
5 89 88.50 <0.001 
 Treatment* Season 
 
25 89 3.35 <0.001 
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Figure 4.17: Average herbage production (kg DM ha
-1
) of kikuyu-ryegrass site when averaged over grazing 
cycles from May 2016 to March 2018, as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 
kg N ha
-1
 grazing cycle
-1
 and Nvar = varying N rate according to nitrate concentration in the soil water. Error 
bars indicate standard error. No common letter above bars indicate significant difference at a 5% level 
 
Figure 4.18: Average pasture herbage production (kg DM ha
-1
) of the kikuyu-ryegrass site when averaged 
over treatments during the different grazing cycles of the study period. Error bars indicate standard error. No 
common letter above data points indicatesignificant difference at 5% level 
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Figure 4.19: Mean pasture growth rate (kg DM ha
-1 
day
-1
) of kikuyu-ryegrass site when averaged over 
treatments during the different grazing cycles of the study period. Error bars indicate standard error. No 
common letter above data points indicatesignificant difference at 5% level 
 
Figure 4.20: Seasonal herbage production (kg DM ha
-1
) of the kikuyu-ryegrass site in seasons during year 
one (1) and two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing 
cycle
-1
 and Nvar= varying N rate according nitrate concentration in the soil water. Error bars indicate 
standard error. No common letter above bars indicates significant difference at 5% level 
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Table 4.5: Average seasonal herbage production (t DM ha
-1
) of year one and two, estimated by pre-grazing 
disc meter readings on kikuyu-ryegrass pasture for treatments N0, N20, N40, N60, N80 and Nvar using 
regressions for kikuyu-italian ryegrass pastures (van der Colf 2011) 
 
Winter 1 Spring 1 Summer 1 Autumn 1 Winter 2 Spring 2 Summer 2 
N0 2.33 2.98 3.24 2.04 1.72 3.83 4.06 
 qrstu mnop lmn rstuvw vwx ijk fghi 
N20 3.38 3.88 3.84 2.22 1.92 4.55 4.83 
 klm hijk ijkl qrstuvw stuvwx defg cde 
N40 4.01 4.47 3.80 2.37 2.23 4.89 5.30 
 fghij defgh ijkl pqrstu qrstuv bcde abc 
N60 4.92 4.61 3.90 2.81 2.36 4.84 5.05 
 bcde def hijk mnopq pqrst cde abcd 
N80 4.90 5.32 4.10 2.69 2.55 5.52 5.63 
 cde abc fghi nopq opqr ab a 
Nvar 3.00 3.39 3.86 2.30 1.88 3.95 4.35 
 mno jklm hijk qrstuv stuvw ghijk efghi 
N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 and Nvar = varying N rate according nitrate concentration in the 
soil water
 
 
On cutting trials in Queensland, Australia, the optimum N application rates to achieve 90% of the 
maximum yield was found to range between 52 to 112 kg N ha-1 month-1 during the growing 
season of short term ryegrass (Lowe et al. 2005). These wide ranges are due to different sites and 
results from different years. Eckard (1989) suggested that N application rates for cutting trials be 
reduced with 25% when fertilising pastures that are grazed in order to adjust for the return of 
nutrients to soil. This will result in 39 to 84 kg N ha-1 month-1 with grazing in the study of Lowe et al. 
(2005). In Tasmania, Australia, a strategic fertiliser application of no more than 60 kg N ha-1 is 
suggested on grazed perennial ryegrass-clover pasture, especially when temperatures are low, so 
that during the warmer months the positive effects of clover could still be utilised (Eckard and 
Franks 1998). In South Australia, guidelines for fertilising perennial ryegrass include four to six 
applications during the growing season at rates of 25 to 50 kg N ha-1 application-1 (Elliott and 
Abbott 2003). In New Zealand optimum N rates were based on the N concentration in the herbage. 
When the N concentration was between 2.5 to 2.8% or between 3.7 to 4% the N application rate 
differed from 160 to 60 kg N ha-1 respectively to obtain similar yields (Vogeler and Cichota 2016). 
In South Africa, optimum rates in the Natal midlands were described as 300 to 350 kg N ha-1 year-1 
(Eckard 1989) which is much lower than that in Australia, justifying the need to develop area 
specific N requirements. Low carry over effects was seen in 30 to 60 kg N ha-1 compared to 120 
and 180 kg N ha-1 in a pot trial on perennial ryegrass (Labuschagne and Agenbag 2006). The 
strategic N fertiliser through time on this kikuyu-ryegrass site is complicated by the fact that there 
were not similar responses to treatments in the same seasons during the two year study. Based on 
the results in this study it would seem that 20 kg N ha-1 month-1 during winter, increasing to 60 kg N 
ha-1 month-1 during spring and summer and decreasing as low as 0 kg N ha-1 month-1 during 
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autumn for the first year on kikuyu-ryegrass pasture, is viable. However, during winter and spring 
of the second year no N was needed to obtain similar production to fertilised treatment, while up to 
80 kg N ha-1 month-1 during the second summer is needed for a production higher compared to 
that of no N.  
The seasonal growth rate (Figure 4.21) also showed that the growth rates were not the same for 
seasons during year one compared to those in year two, making it difficult to construct a common 
strategic fertiliser regime according to season. These differences between seasons of the two 
years might be due to climatic differences such as temperature and rainfall. 
 
 
Figure 4.21: Average seasonal growth rate (kg DM ha
-1
 day
-1
) of the kikuyu-ryegrass site in seasons during 
year one (1) and two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate 
standard error. No common letter above bars indicates significant difference at 5% level 
4.3.2.1.3 Total annual herbage production 
Annual herbage production for year one was influenced (P≤0.05) by the treatment. Treatment N60 
and N80 had a higher (P≤0.05) herbage production than N0, but similar (P>0.05) production to 
Nvar, N20 and N40 (Figure 4.22). Swanepoel et al. (2014) found an annual herbage production of 
20.33 kg DM ha-1 for kikuyu-ryegrass receiving approximately 32 kg N ha-1 grazing-1, in the similar 
location as the current study. This is comparable to the N0 treatment. Annual yields of 16, 15.7 and 
19.3 kg DM ha-1 at 600 kg N ha-1 (applied in 10 split dressings) were found by Botha et al. (2008a), 
also lower to what was found in the current study. Total herbage production of Italian ryegrass 
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sown into kikuyu was found to be 16.55 and 17.65 t DM ha-1 in the KwaZulu-Natal Province of 
South Africa receiving 50 kg N ha-1 after every harvest (Harris and Bartholomew 1991). 
 
Figure 4.22: Annual herbage production (kg DM ha
-1
) of the kikuyu-ryegrass site as affected by treatments 
N0, N20, N40, N60, N80 = 0, 20, 40, 60 80 kg N ha
-1
 and Nvar = varying rate of N application according to 
soil water nitrate concentration. Error bars indicate standard error. No common letter above bars indicates 
significant difference at 5% level 
Post-grazing disc meter readings were taken in order to estimate the pasture remaining after 
grazing 30 mm above ground level (Table 4.4). The average amounts of material remaining after 
every grazing within the seasons ranged between 109 and 489 kg DM ha-1 and were mostly 
affected by season (Figure 4.23). Post-grazing regressions for Italian ryegrass sown into kikuyu 
(van der Colf 2011) were used. The kikuyu-ryegrass site had lower post grazing material compared 
to the kikuyu site and this might be due to the better quality of ryegrass in the pasture compared to 
mostly kikuyu in the kikuyu site. This could be confirmed by exploring the neutral detergent fibre 
(NDF) content. On the same farm it was found that during spring kikuyu had a higher NDF 
compared to kikuyu-ryegrass pastures which usually had a NDF value of 50% or lower. Both 
kikuyu and kikuyu-ryegrass had a NDF content higher than 60% during summer and autumn. It 
should be noted that with a NDF above 50% a negative effect on intake can be expected (Botha et 
al. 2008a). 
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Figure 4.23: Average post-grazing (kg DM ha
-1
) pasture yield of the kikuyu-ryegrass site as affected seasons 
during year one (1) and two (2). Error bars indicate standard error. No common letter above data points 
indicates significant difference at 5% level 
 
4.3.2.1.4 Dry matter content per grazing cycle 
The response of dry matter (DM) content (%) to treatment were similar (P>0.05) in all grazing cycle 
(Table 4.4). When averaged over the study period (May 2016 to March 2018), DM content in 
treatments N0, N40 and Nvar was higher (P≤0.05) than in N60 and N80, but similar (P>0.05) to 
N20 (Figure 4.24). This is similar to what was found by Theron and van Rensburg (1998) on a pure 
ryegrass stand, where a decrease in N application resulted in an increased DM content. They also 
found that as the defoliation interval increased, the DM content also increased. 
In Figure 4.25, the higher (P≤0.05) DM content in December 2016 and January 2017 and 2018 
may be due to the ryegrass approaching the end of its growing season and the kikuyu starting to 
grow, creating more fibrous material. Kikuyu has a higher overall DM content than ryegrass 
(Swanepoel et al. 2014), and would thus increase the DM content as its content increases in the 
pasture. 
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Figure 4.24: Average dry matter (DM) content (%) of the kikuyu-ryegrass site, when averaged over grazing 
cycles from May 2016 to March 2018 and affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 
kg N ha
-1
 grazing cycle
-1
 and Nvar = varying N rate according to nitrate concentration in the soil water. Error 
bars indicate standard error. No common letter above bars indicates significant difference at 5% level 
 
Figure 4.25: Dry matter (DM) content (%) of the kikuyu-ryegrass site, when averaged over treatments and 
affected by the grazing cycles. Error bars indicate standard error. No common letter above data points 
indicates significant difference at 5% level 
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4.3.2.1.5 Dry matter content per season 
The response of seasonal dry matter (DM) content were similar (P>0.05) for both season and 
treatment (Table 4.4). The DM content of treatments was higher (P≤0.05) in spring and summer 
than compared to winter and autumn of year one. Summer of year two had higher (P≤0.05) DM 
contents compared to winter and spring. This was similar to what van der Colf et al. (2015a) found, 
in that summer DM content of kikuyu-ryegrass was higher compared to winter, spring and autumn 
during year one of the study. During year two, they found that summer and autumn had higher DM 
content compared to winter and spring. On the kikuyu-ryegrass site during this study, there were 
no treatment effects (P>0.05) during autumn. One of the reasons for this might be that when the 
kikuyu base was over-sown with ryegrass for re-establishment, no N was applied to prevent a 
competitive advantage from the kikuyu base. Another reason might be that there was only one N 
application during autumn (month of May) while the other seasons received approximately three 
applications. The pasture was over-sown in March 2017 with no N application, and then grew for 
two months before it was ready to be grazed again in May 2017 (after which N application 
commenced).  
 
Figure 4.26: Average seasonal dry matter (DM) content (%) of the kikuyu-ryegrass site in seasons during 
year one (1) and two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60 and 80 kg N ha
-1
 
and Nvar = varying rate of N. N Error bars indicate standard error. No common letter above bars indicates 
significant difference at 5% level. 
 
fg
h
ijk
lm
n
 
n
o
p
q
rs
t 
q
rs
t 
s
t 
t 
g
h
ijk
lm
n
 
a
b
 
a
b
c
d
 
a
 
d
e
fg
h
ijk
 
e
fg
h
ijk
l 
a
b
 
a
b
c
d
 
a
b
c
d
e
 
b
c
d
e
fg
h
i 
e
fg
h
ijk
l 
fg
h
ijk
lm
n
 
a
b
c
d
e
 
lm
n
o
p
q
r 
k
lm
n
o
p
q
r 
k
lm
n
o
p
q
r 
n
o
p
q
rs
t 
o
p
q
rs
t 
k
lm
n
o
p
q
r 
jk
lm
n
o
p
 
lm
n
o
p
q
r 
k
lm
n
o
p
q
r 
p
q
rs
t 
rs
t 
jk
lm
n
o
p
 
g
h
ijk
lm
n
 
e
fg
h
ijk
l 
e
fg
h
ijk
lm
 
jk
lm
n
o
p
q
 
m
n
o
p
q
rs
t 
fg
h
ijk
lm
n
 
a
b
c
 
a
b
 
a
 
a
b
c
d
 
b
c
d
e
fg
h
 
a
b
c
d
 
0
5
10
15
20
25
N
0
N
2
0
N
4
0
N
6
0
N
8
0
N
v
a
r
N
0
N
2
0
N
4
0
N
6
0
N
8
0
N
v
a
r
N
0
N
2
0
N
4
0
N
6
0
N
8
0
N
v
a
r
N
0
N
2
0
N
4
0
N
6
0
N
8
0
N
v
a
r
N
0
N
2
0
N
4
0
N
6
0
N
8
0
N
v
a
r
N
0
N
2
0
N
4
0
N
6
0
N
8
0
N
v
a
r
N
0
N
2
0
N
4
0
N
6
0
N
8
0
N
v
a
r
Winter 1 Spring 1 Summer 1 Autumn 1 Winter 2 Spring 2 Summer 2
A
V
E
R
A
G
E
 D
M
 C
O
N
T
E
N
T
 (
%
) 
SEASONS 
Stellenbosch University  https://scholar.sun.ac.za
 133 
 
In winter, spring and summer of year one and winter of year two, treatment N0 had a higher 
(P≤0.05) DM content compared to N80 (Figure 4.26). During both winters and spring and summer 
of year one, Nvar also had a higher (P≤0.05) in DM content than N80.  
On the same site, a previous study found mean DM content to be 13.1, 12.8, 15.5 and 12.2% 
during winter, spring, summer and autumn of year one, respectively, and 13.2, 12.1, 16.2 and 
16.8% in winter, spring, summer and autumn of year two respectively (van der Colf 2011). The 
mean DM content of the current study was consistently higher, compared to the previously 
mentioned study, viz.13.8% (winter 1), 17.6% (spring 1), 16.7% (summer 1), 14.3% (autumn 1), 
14.3% (winter 2), 15.3% (spring 2) and 18.0% (summer 2). 
4.3.2.2 Botanical composition 
4.3.2.2.1.1 Kikuyu 
Kikuyu’s contribution response to the treatments was similar (P>0.05) in all seasons (Table 4.4). 
Season, however, did have an effect (P≤0.05) (Figure 4.27). During winter of year one the kikuyu 
content of treatment N0 was higher (P≤0.05) than the rest. During spring and summer of year one 
and winter and spring of year two, there were no treatment differences (P>0.05). In autumn of year 
one, N80 resulted in higher (P≤0.05) kikuyu contribution compared to all other treatments, except 
N60 which had similar (P>0.05) contribution to N80. During summer of year two, N40 contributed 
more (P≤0.05) kikuyu than N0, while during autumn the N20 treatment had a higher (P≤0.05) 
kikuyu contribution than when compared to N0 (Figure 4.27). On the similar location as the current 
study, contribution of kikuyu on a kikuyu-Italian ryegrass pasture was 10.7% during winter, 1.3% 
(year 1) and 3.5% (year 2) during spring, 43.3% (year 1) and 44.8% (year 2) during summer and 
26.7% (year 1) and 95.1% (year 2) during autumn (van der Colf et al. 2015a). These results were 
comparable with the mean kikuyu contributions of the current study at 13.1%, 7.6%, 35.3% and 
50.2% during year one, and 2.4%, 1.0%, 48.5% and 64.6% during year two for winter, spring, 
summer and autumn, respectively.  
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Figure 4.27: Kikuyu contribution (%) to the kikuyu-ryegrass site botanical composition in seasons during year 
one (1) and year two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate 
standard error. No common letter above bars indicates significant difference at 5% level 
4.3.2.2.1.2 Ryegrass 
The response of ryegrass contribution did not vary (P>0.05) according to treatment and season 
interactions (Table 4.4). The ryegrass was, however affected (P≤0.05) by treatment and season as 
main effects. The seasons in which ryegrass contributed the most (P≤0.05), within treatments, was 
winter and spring of both years (Figure 4.28). During winter, spring and autumn of year one, 
treatment N40 ryegrass contributed more (P≤0.05) to the pasture than in the N0 treatment. There 
were no treatment differences (P>0.05) during summer of the first year. During winter of year two 
both treatment N20 and N80 the contribution of ryegrass to the pasture was greater (P≤0.05) than 
for N0. Treatment N40 resulted in higher (P≤0.05) ryegrass contribution compared to N0 but similar 
(P>0.05) to N20, N60 and N80 during spring of the second year. Treatments did not affect 
(P>0.05) the amount of ryegrass in the pasture during summer and spring of the second year. In 
New Zealand N applications of 100 kg N ha-1 in spring and autumn, resulted in an increase in the 
ryegrass component and a decrease in the clover component (Sun et al. 2008). At the same 
location as the current study, the contribution of Italian ryegrass on a kikuyu-Italian ryegrass 
pasture was 80.3% during winter, 93.5% (year 1) and 93.2% (year 2) during spring, 42.9% (year 1) 
and 39.8% (year 2) during summer and 43.8% (year 1) and 1.9% (year 2) during autumn (van der 
Colf et al. 2015a). The mean ryegrass contributions of the current study was 60.6%, 75.4%, 30.6% 
and 32.7% during the first year and 83.4%, 76.9%, 19.7% and 15.3% during year two of seasons 
winter, spring, summer and autumn respectively. The results of the contribution of both years of 
this trial was lower than that found by van der Colf et al. (2015a). 
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Figure 4.28: Ryegrass contribution (%) to the kikuyu-ryegrass site botanical composition in seasons during 
year one (1) and year two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 
grazing cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate 
standard error. No common letter above bars indicates significant difference at 5% level 
4.3.2.2.1.3 Volunteer legumes 
The response of volunteer legumes varied (P≤0.05) according to season and treatment (Table 
4.4). The volunteer legumes consisted mostly of white clover and are referred to as “volunteer” 
because it was not established into the pasture. During winter of year one and autumn of year two, 
there were no treatment differences (P>0.05) (Figure 4.29). In autumn of year one N0, N20 and 
Nvar had a higher (P≤0.05) legume contribution compared to N40, N60 and N80. During winter of 
year two, Nvar contributed more (P≤0.05) legumes to the pasture compared to the other 
treatments, with the exception of N0 which was similar (P>0.05). During spring of year one, Nvar 
contributed lower (P≤0.05) legumes compared to N0, but similar (P>0.05) to the rest. Spring of 
year two resulted in Nvar contributing most (P≤0.05) to the pasture compared to the other 
treatments. A review article (Sun et al. 2008) stated that the competitive ability of clovers is 
reduced in cool seasons compared to warmer seasons and that clover contribution increased with 
decreasing N rate (Elliott and Abbott 2003). This was also evident in the current study. 
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Figure 4.29: Volunteer legume contribution (%) to the kikuyu-ryegrass site botanical composition in seasons 
during year one (1) and year two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 
kg N ha
-1
 grazing cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water. Error 
bars indicate standard error. No common letter above bars indicates significant difference at 5% level 
4.3.2.2.1.4 Non-metric multidimensional scaling 
The non-metric multidimensional scaling (NMDS) ordination fit is sufficient (stress below 0.2) in two 
dimensions, resulting in only one graph with a stress of 0.14 (Figure 4.30). The correlation between 
N application and the ordination was significant (P=0.001) with an R2=0.21.  
Axis one displays the shift in botanical composition from predominately kikuyu, weeds and other 
grasses during summer and autumn, to ryegrass dominated pasture in winter and spring. It is also 
possible to deduce that composition varied between year one and year two, since the open and 
shaded shapes are not clustered together. According to the data ryegrass is expected to increase 
with an increase in N application; however the correlation is not strong (short arrow). Figure 4.28 
support this, where treatments had an effect in some seasons (winter, spring, autumn of year one 
and winter and spring of year two) but not in others. The almost negative correlation that exists 
between kikuyu and N application is explained by Figure 4.27. Here it is seen that kikuyu does not 
keep increasing with an increasing amount of N, but that the highest contribution is often not 
associated with high amount of applied N. Volunteer legumes and N application rate were 
negatively correlated, resulting in a higher legume contribution with lower N applications. 
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Figure 4.30: Nonmetric multidimensional scaling (NMDS) ordination, axis 1 and 2 of botanical composition 
components (kikuyu, ryegrass, volunteer legumes, other grasses and weeds) in kikuyu-ryegrass site as 
influenced by season (winter, spring, summer and autumn of year one and two) and treatments (N0, N20, 
N40, N60, N80 =0, 20, 40, 60, 80 kg N ha
-1
 and Nvar = varying N rate according nitrate concentration in the 
soil water 
 
4.3.2.2.2 Agronomic N use efficiency 
The response of seasonal agronomic N use efficiency (ANUE) was similar (P>0.05) to treatments 
in all seasons (Table 4.4). During winter of year one, treatment N20 had a higher (P≤0.05) ANUE 
compared to N60 and N80. After that, there were no differences (P>0.05) between the treatments 
in the various seasons (Figure 4.31). In a previous study ANUE was found to be unaffected by 
treatment and varied greatly between years and location of experiments (Lowe et al. 2005), with it 
being lowest in winter and autumn, and highest in spring (Elliott and Abbott 2003; Bolland and 
Guthridge 2007). There was generally an inverse relationship between ANUE and N application 
rate, but difference between treatments were also not significant in this study (Lowe et al. 2005). 
Marino et al. (2004) found significant inverse relationships between N application rate and ANUE 
(Miles 1991; Garcia et al. 2008; Fessehazion et al. 2011). Fessehazion et al. (2011) found the 
highest NUE was found when 20 kg N ha-1 were applied and the lowest ANUE was seen at 60 kg 
N ha-1 rates. The mean NUE reported by Fessehazion et al. (2011) was approximately 30 kg DM 
kg-1 N ha-1  and validated by other authors (Garcia et al. 2008). In a different study the range of 
NUE was between 0 and 62 kg DM kg-1 N ha-1 (Bolland and Guthridge 2007). According to Theron 
and van Rensburg (1998), as the defoliation interval increased from two weeks to eight weeks on 
ryegrass, the ANUE increased, but within each defoliation treatment high N applications (450 kg N 
ha-1 after defoliation) resulted in lowered ANUE. 
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Figure 4.31: Agronomic nitrogen use efficiency (ANUE) (kg DM kg
-1
 N ha
-1
) of the kikuyu-ryegrass site in 
seasons of year one (1) and two (2) as affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg 
N ha
-1
 grazing cycle
-1
 and Nvar = varying N rate according nitrate concentration in the soil water.. Error bars 
indicate standard error. No common letter above bars indicates significant difference at 5% level 
4.3.2.2.3 Crude protein 
There was an interaction (P≤0.05) between treatments and the average crude protein (CP) content 
over season (Table 4.4). Within all seasons, treatment N80 was higher (P≤0.05) compared to N0, 
N20 and Nvar (Figure 4.32). The CP of N20 and Nvar remained similar (P>0.05) to one another 
when compared within seasons, throughout year one (Figure 4.32). Winter during both years of the 
study had a higher (P≤0.05) CP compared to both spring and summer of year one. Botha et al. 
(2008a) reported in a study at the same location, regarding ryegrass sown into kikuyu, spring CP 
(during year two and three of the study) was higher compared to autumn and summer. This was 
not found in the current study where spring and summer were the lowest (P≤0.05) in CP content.  
As N fertilisation increased, N concentration increased in N foliage, while the source of N had little 
effect on N content (Lowe et al. 2005). This is similar to what was found in the current study. 
a
 
a
b
c
 
b
c
d
e
 
b
c
d
e
 
c
d
e
 
c
d
e
 b
c
d
e
 
c
d
e
 c
d
e
 
d
e
 
c
d
e
 
c
d
e
 
e
 
c
d
e
 
c
d
e
 
c
d
e
 
b
c
d
e
 
b
c
d
e
 
c
d
e
 
c
d
e
 
c
d
e
 
d
e
 
d
e
 c
d
e
 
b
c
d
 
c
d
e
 
c
d
e
 
c
d
e
 
-20
-10
0
10
20
30
40
N
2
0
N
4
0
N
6
0
N
8
0
N
2
0
N
4
0
N
6
0
N
8
0
N
2
0
N
4
0
N
6
0
N
8
0
N
2
0
N
4
0
N
6
0
N
8
0
N
2
0
N
4
0
N
6
0
N
8
0
N
2
0
N
4
0
N
6
0
N
8
0
N
2
0
N
4
0
N
6
0
N
8
0
Winter 1 Spring 1 Summer 1 Autumn 1 Winter 2 Spring 2 Summer 2
A
N
U
E
 (
k
g
 D
M
 k
g
-1
 N
 k
g
-1
) 
 
SEASON 
Stellenbosch University  https://scholar.sun.ac.za
 139 
 
 
Figure 4.32: Average crude protein (CP) content (%) of the kikuyu-ryegrass site in seasons of year one (1) 
and two (2) and affected by treatments N0, N20, N40, N60, N80 = 0, 20, 40, 60, 80 kg N ha
-1
 grazing cycle
-1
 
and Nvar = varying N rate according nitrate concentration in the soil water. Error bars indicate standard error. 
No common letter above bars indicates significant difference at 5% level 
4.4 Conclusion  
On the kikuyu site during winter of year one, the addition of any amount of N between 20 and 80 kg 
N ha-1 grazing-1, resulted in an increase in production compared to when no N was applied. When 
applying 40 kg N ha-1 during this season, it resulted in the highest volunteer ryegrass content and 
lowest kikuyu content compared to the other treatments. In addition it resulted in a CP of 22.73% 
which is higher than what is required for small breed dairy cows. During winter of year two 
treatments did not have an effect on the DM production, but a similar trend was seen in the 
botanical composition regarding a higher volunteer ryegrass content and lower kikuyu content in 
the N40 treatment. During spring, the highest production was found in the N40 treatment, though it 
was not significantly higher than the other treatments. In addition, the pasture for this treatment 
consisted primarily of volunteer ryegrass (>47%) and had a CP content of 16.8%. In summer, 
applying N in the range of 20 to 80 kg N ha-1 resulted in similar production with a kikuyu 
contribution to the pasture of more than 48%. All treatments below 60 kg N ha-1 resulted in a CP 
content of 18% or less. In autumn, 60 kg N ha-1 after every grazing resulted in the highest DM 
production.  
On the kikuyu-ryegrass site, during winter of year one, applying any amount of N resulted in a 
production higher than when applying no N. In addition, any rate of N fertilisation resulted in a 
higher ryegrass content compared to no N. The CP, when applying 20 kg N ha-1, resulted in the 
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best treatment in terms of forage quality during this season. During spring, N application rates as 
low as 20 kg N ha-1 after every grazing will result in similar yields than when applying N80. It also 
resulted in a more favourable CP content of 14.44%. This was true for summer, autumn of year 
one and winter of year two. Due to the variability in results likely due to the impacts of existing N 
reserves in the soil, it may be warranted to undertake longer term studies at these rates. 
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Chapter 5  Summary and recommendations 
5.1 Synopsis 
Kikuyu over-sown with ryegrass is a common pasture used for dairy production in the southern 
Cape of South Africa. There is an abundance of literature showing that the pasture production of 
kikuyu and ryegrass increases with an increase in inorganic nitrogen (N) fertiliser application rate 
(Le Roux et al. 1984; Eckard 1989; Marais 1990; Eckard et al. 1995; Bolan et al. 2004; Garcia et 
al. 2014), which in turn allows it to support a high stocking rate. The guidelines which are used for 
kikuyu-ryegrass systems recommend an N application rate of 300 to 500 kg N ha-1 yr-1 (Eckard et 
al. 1995; Marais 2001). In the southern Cape, rates between 200 and 600 kg N ha-1 yr
-1 are 
commonly applied (Miles et al. 2000). This broad range indicates the need to refine these N 
application rates, with farming efficiency as the primary goal, so as to prevent financial losses and 
environmental damage through eutrophication of soil and aquatic systems. Some authors have 
suggested incorporating legumes such as clovers as a potential strategy to allow for a reduced rate 
of fertiliser application (Peoples and Baldock 2001; Andrews et al. 2007; Ledgard et al. 2009). 
However, substandard establishment, poor persistence and lower herbage production when 
legumes are included, favours pure grass pastures. Research regarding optimum N application 
regimes is lacking on kikuyu-ryegrass pastures in the southern Cape. A study was conducted on 
Outeniqua Research Farm to determine the optimum rate of N fertilisation of kikuyu and kikuyu-
ryegrass pastures, either by a fixed N fertilisation rate or a variable rate according to the demand of 
the plant in a specific season. The study was divided into two parts, corresponding to two 
objectives. 
Objective 1: To investigate the effects of fertilisation on soil N dynamics, which will aid in optimising 
N fertilisation of kikuyu and kikuyu-ryegrass pastures. In order to achieve the objective, the effects 
of different N rates on various soil characteristics such as potentially mineralisable N (PMN), C:N 
ratio, urease activity (UA) and total soil N are determined in order to better understand the N 
dynamics in the soil as influenced by grazing, N fertiliser input and season. 
The effects of fertilisation treatments on soil parameters were determined on two sites (pure kikuyu 
and kikuyu over-sown with ryegrass). Total mineral N was the main parameter that showed a 
response to the N fertilisation. On both sites, total mineral N indicated that the treatments above 40 
kg N ha-1 grazing cycle-1 resulted in a build-up of N through time in the 0 – 100 mm depth when 
compared to the control treatment (N0). Even in the 200 – 300 mm soil layer, the total mineral N of 
both sites, increased in certain grazing cycles when the fertilisation rate increased above 40 kg N 
ha-1 grazing cycle-1. This is evidence that N fertilisation above N40 could likely result in losses 
through leaching. Increased leaching losses due to increased N applications have been reported in 
previous studies. In a study conducted by Ledgard et al. (1999), leaching losses on a ryegrass-
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clover pasture was in the range of 20 to 74 kg N ha-1 yr-1 when no N was applied. These losses 
increased to ranges of between 100 and 204 kg N ha-1 yr-1, as a result of N fertiliser applications of 
400 kg N ha-1 yr-1. Therefore, it would be advisable to apply as little N as is necessary for optimal 
pasture growth in order to prevent financial and environmental losses. The optimal rate for pasture 
production is discussed under objective 2. However, only considering total mineral N, no more than 
40 kg N ha-1 grazing cycle-1 is advised. Even at 40 kg N ha-1, leaching losses will occur. These 
losses are confirmed by the use of wetting front detectors (WFD), from which a soil water nitrate 
concentration sample could be retrieved at 150 and 300 mm soil depths. These nitrate 
concentrations could be viewed a direct measure of leaching and was almost always in excess of 
the allowed 50 mg L-1 determined by the EEC (1991) for both soil depths. This implies that the soil 
is saturated with nitrate. 
When UA was normalised with total mineral N, the results showed on both sites, that the UA was 
lowest in high N treatments. However this observation was not always significant. During 
December 2016, the differences in the normalised UA were the lowest (P≤0.05) in treatments N60 
and N80 (high N fertilisation rates) and this could have been due to the average temperature being 
the highest (20°C) during this month. A laboratory study confirmed higher microbial activity at 
higher temperatures (25°C) compared to lower temperatures (5°C and 10°C) (Zak et al. 1999).  
Potentially mineralisable N did not vary between treatments on either the pure kikuyu site or the 
kikuyu over-sown with ryegrass site. On the kikuyu site the range of PMN, including all treatments 
over all seasons, was -77 to 211 kg N ha-1 grazing cycle-1, while on the kikuyu-ryegrass site, PMN 
was in the range of -72 to 231 kg N ha-1 grazing cycle-1. Even though PMN cannot be used to aid in 
planning a fertilisation programme as PMN was variable through time, it could still be of value. 
There is a possible savings by not applying N due to the potential of the current soil, with the help 
of microbes, to supply N up to rates as high as 231 kg ha-1, which is sufficient to sustain pasture 
growth. 
Leco-N (i.e. total soil N) showed no difference between treatments. Leco-N was, however, affected 
by season. On the pure kikuyu site the Leco-N changed from winter > spring > summer = autumn.  
On the kikuyu-ryegrass site winter was similar to spring and both higher than summer and autumn, 
which were also similar to each other. From the results it appears that the Leco-N is linked to the 
herbage production of the pasture. When herbage production is high, Leco-N is low and vice versa. 
The conclusion of this objective is that the minimum N has to be applied to avoid losses through 
leaching. Low rates of N fertilisation should also maintain a nitrate concentration of below 50 mg L-
1 in the soil water, which is the acceptable concentration in Europe (EEC 1991). It was evident that 
the measured parameters were mostly influenced by climatic conditions rather than N fertilisation 
rate, with the exception of total mineral N and UA.  It is therefore advisable to use these two 
parameters, total mineral N and UA, in future studies of N fertilisation.  
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Objective 2: The objective was to reassess N fertiliser guidelines of kikuyu and kikuyu-ryegrass 
pastures in the southern Cape under a minimum-tillage regime and grazing, aimed at optimising 
the quality of pasture, measured by CP, while still maintaining yield. Developing a strategic N 
fertiliser programme may aid in preventing environmental and financial losses since agronomic N 
use efficiency (ANUE) is taken into account. 
The effect of fertilisation rates on pasture characteristics was determined. Few herbage production 
differences were found within a season and between treatments. Where differences were detected, 
it was mostly between N0 and N80. Within all seasons, on both sites, the production of N20 was 
similar (P>0.05) to that of N80. The main production differences were found between seasons, 
primarily due to the respective growing seasons of the different pasture species. Annual pasture 
production, on both sites, was lowest (P≤0.05) with low N treatments (N0 and Nvar) compared with 
the high N treatments (N60 and N80), while both treatment N20 and N40 were similar to the 
highest production. Treatment affected the individual components of botanical composition on both 
sites. Kikuyu’s contribution did not vary with treatments during winter and spring on both sites. On 
the kikuyu-ryegrass site, during summer and autumn, an increase in N rate resulted in an 
increased contribution from kikuyu. On the pure kikuyu site the kikuyu contribution varied more. 
The ryegrass component seem to have been favoured by treatment N40 on both sites, although it 
was not always statistically significant. Volunteer legumes on both sites were negatively correlated 
with N rate.  
Agronomic N use efficiency did not show treatment effects, and can be contributing evidence that 
the soil was N saturated. There was, however, a slight trend that lower N application resulted in a 
higher efficiency on the kikuyu site, but less so on the kikuyu-ryegrass site.  
Crude protein (CP) content of herbage increased with an increase in N application at both sites. 
Treatments N0, N20 and Nvar were similar within seasons, and winter and autumn had higher CP 
compared with summer and spring. On the kikuyu site, no N should be applied in winter and 
autumn in order to have a favourable CP content for animal production of 16 to 19% (NRC 2001; 
Radostits et al. 2006). During spring, treatments N0, N20, N40 and Nvar were considered to have 
favourable CP content, while during summer N0, N20 and Nvar was preferred. Crude protein in the 
kikuyu-ryegrass site was generally lower than that of the kikuyu site, but still followed similar CP 
content trends with regards to treatments.  
All the above mentioned parameters are taken into account to contribute to the overall big picture 
to optimise farming efficiency and prevent losses, and therefore the minimum requirements to 
sustain similar to the highest production with a good CP quality is advised. Since ANUE was 
similar between treatments, and botanical composition was, with the exception of legume 
contribution, mostly influenced by season rather than treatments, it would be advised to base 
fertiliser application rates on yield and CP, while taking total soil N into account.  
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5.2 General conclusion  
The conclusion is based on the results of the current two year study. It would therefore only be 
applicable to producers with similar conditions to the current study; for instance a previous kikuyu-
ryegrass pasture with long-term (10 years) fertilisation of approximately 300 kg N ha-1 yr-1.  
It is suggested that N fertilisation could be adjusted to season on the kikuyu site. An additional 
grazing cycle could be obtained during autumn on the kikuyu site since there was no over-sowing 
of ryegrass, therefore three grazing cycles instead of two. It is recommended that 20 kg N ha-1 be 
applied after every grazing during winter, summer and autumn. During spring, it is advised not to 
apply any N, in order to utilise the contribution of legumes during this season but more importantly 
to make use of the N mineralised from organic matter. Such a N fertiliser programme equates to an 
amount of 180 kg N ha-1 yr-1 for the kikuyu site, an amount much lower than the current guidelines 
of between 300 and 500 kg N ha-1 yr-1. 
On the kikuyu-ryegrass site, it is advised that 20 kg N ha-1 is applied after every grazing during the 
winter and spring seasons, while no N should be applied during summer and autumn. Depending 
on the number of grazing cycles within the winter season months, which can vary between two or 
three, the annual application would vary between 100 and 120 kg N ha-1 yr-1 based on these 
recommendations. At the above mentioned N application rates within seasons, a favourable CP 
percentage is maintained, without compromising on pasture production. 
With this type of fertilisation regime, it would be to increase profitability, on an economical and 
environmental basis, on the farm with lowered N input while still maintaining DM production rates.  
5.3 Limitation and improvements  
In an effort to construct guidelines for strategic fertilisation, WFDs were installed at 150 mm and 
300 mm depths to determine the soil water nitrate concentration. The intent was to apply N 
according to nitrate concentrations in the soil water. However, this strategy was not successful, as 
the nitrate concentration remained well above 75 mg L-1 on the kikuyu and kikuyu-ryegrass sites. In 
addition, this concentration was higher than the 50 mg L-1 as allowed for ground water in Europe 
(EEC, 1991).  
Another limitation of using a WFD in a pasture environment is that the soil did not often reach a soil 
matrix potential of c. -3 kPa at which a soil water sample could be collected. A sample could be 
collected mostly when there was a rainfall event after irrigation. The use of WFDs was well 
received in a study by Fessehazion et al. (2011) on a different soil type, but under controlled 
conditions and without grazing. Adjusting the irrigation to be able to collect a sample from the WFD 
is not feasible since this will result in over-irrigation and water wastage. An additional problem with 
the use of WFD is preventing inquisitive cows from damaging it. In the current study, this was done 
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by putting wire cages over the WFD, but still some cows were able to break the cages and get to 
the WFD. When the WFD is damaged or moved by the cows, the time it takes to settle in the soil is 
about a month, during which the results are not reliable. 
A further limitation of the study was the inability to separate the treatments from one another during 
grazing in order to allow cows to only graze one treatment at a time. By doing so, it would have 
been possible to evaluate total mineral N with the certainty that N from excreta were due to the 
specific treatments the cows grazed. This might have prevented the overestimation of mineral N in 
N0 plots and underestimation of N80 plots. For instance, N0 plots would have only received urine 
from cows grazing N0 plots, which might have been lower in N concentration than the current 
method of study. Such a strategy would also have allowed the authors to obtain the milk production 
of specific treatments. Cows were able to graze across treatments resulting in N deposition 
through excreta on all treatments. The assumption, however, is that all excreta were evenly 
distributed across all treatments and that the carryover effects were similar for all plots.  
An improvement to the study would have been to deplete the soil of N prior to the application of 
treatments in order to better observe treatment effects on soil parameters. N fertilisation was 
ceased one month prior to onset of the trial, but a longer time was necessary to deplete the soil of 
N. A large soil residual N might be responsible for the lack of differences between treatments due 
to long term fertilisation of more than 300 kg N ha-1 yr-1 on the trial sites.  
It might be possible that there was an overestimation of herbage due to the possibility of including 
herbage from the previous grazing cycle into the next when cutting. It is possible that urine or dung 
patches occurred and was not grazed, therefore plant material is carried over to the next grazing 
cycle. Seasonal post-grazing differences occurred, which means that the pasture was likely less 
palatable during autumn on both sites as a result of fibrous material from kikuyu. This can be 
overcome by adjusting the harvested herbage sample according the post-grazing disc-meter 
readings. 
5.4 Future research 
Future research should continue on the specific study site at the current rates in order to determine 
the potential effects of long term N deficiency in the control or the effects of long term over-
fertilisation in the high N treatments. Methods to determine whether over-fertilisation and leaching 
occurs, should be investigated since the use of WFD was not successful in the current soil type. 
These methods should focus on measuring primarily leaching losses.  
It is not known if herbage production would be sustained after two years of minimal seasonal 
fertilisation and therefore research should continue to examine the long term effects of reduced N 
fertilisation rates.  
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It would be interesting to estimate the total inputs and outputs of N using a Life Cycle Assessment 
approach, within a pasture-based dairy farming system. By adding economic aspects into this 
approach, the efficiency of such a pasture-based dairy farming systems could be determined and 
assessed accordingly. In addition, climate change is a pertinent topic, with agriculture contributing 
to a large extent towards greenhouse gas (GHG) emissions, particularly in the form of nitrous 
oxide. Nitrous oxide are viewed as a greater threat with regards to climate change than carbon 
dioxide. Policy and consumer pressure to reduce GHG emissions is increasing. As a result thereof, 
systems and strategies to reduce GHG emissions need to be put in place. Currently there is a lack 
of information and data about South Africa’s GHG inventories and how to accurately predict GHG 
emissions. There is a need to develop country specific models to predict GHG emissions in these 
specific agricultural fields. Research focussing on this subject will contribute towards development 
of programs and set standards by which the South African government can determine possible 
carbon taxing guidelines within the agricultural sector. However, such a taxing system has not yet 
been implemented. The current study provides a good background and introduction to estimate 
and create prediction models of GHG emissions from different N fertilisation application rates. 
When such a system is implemented, it will be an incentive for pasture-based dairy farmers to 
apply fertiliser rates more cautiously when carbon taxing becomes a reality in South Africa.  
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